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Preface 


This 62d volume of the Transactions of the American Institute of Electrical Engi¬ 
neers contains all approved technical-program papers and related discussions pre¬ 
sented at national and District technical meetings during the calendar year, in 
accordance with the improved publication procedure adopted in August 194Q. 
Pages 1-310 and 467-790 comprise the papers published in the Transactions Sec¬ 
tions of the monthly issues of Electrical Engineering, and pages 311-466 and 
791-1006 comprise papers and discussions that appeared in advance in the June 
and December 1943 '‘Supplements to Electrical Engineering—Transactions Sec¬ 
tion,’ ’ respectively. 

The technical papers and discussions in this volume were presented at these AIEE 
national and District technical meetings: 

1. 1943 winter technical meeting, New York, N. Y., January 25-29, 1943. 

2. North Eastern District technical meeting, Pittsfield, Mass., April 8-9, 1943. 

3. Sbuth West District technical meeting, Kansas City, Mo., April 28-30, 1943. 

4. i943 summer technical meeting, Cleveland, Ohio, June 21-25, 1943. 

5. 1943 Paci^fic Coast technical meeting, Salt Lake City, Utah, September 2-4, 
1943. 

In addition, this volume contains: 

1. 1943 annual report of the AIEE board of directors. 

2. A complete listing of AIEE officers and committees for 1943-44. 


Full correlation of all material in this volume has been accomplished by means of 
the multientry index beginning on page 1029. Reference to any of the several sub¬ 
ject entries for a technical paper will lead directly to the paper and to any published 
discussion on that paper. 

Statements and opinions given in papers and discussions published in- Transac¬ 
tions are the expressions of contributors for which the American Institute of Elec¬ 
trical Engineers assumes no responsibility. 



Errata 


1. Page 67, column 2, equation 23. The equation 
M=Z u +Z iS —Zi—Zn should read M=Z H +Z 26 —Z 1& —Z u . 

2. Page 70, column 1. The equation at the bottom of 

z 

the column beginning / 7 , should read J V = J 8 =/ 9 =J 10 —4. 

3. Page 194, second column, 2Sth line from top. Instead 
of less sparsely” the line should read “more sparsely.” 

4. Page 623, column 3. The first line of the last equa¬ 
tion should end with a multiplication sign to join the line 
with the following expression which begins with an integral 
sign. 



Performance Calculations on Tapped- 
Winding Capacitor Motors 

A Method of Calculating Low-Speed Performance of Two- 
Speed Capacitor Motors ^X^ith Open-End Type of Control 

Winding 

P. H. TRICKEY 

MEMBER AIEE 


T HE tapped-winding capacitor motor 
is used quite commonly to obtain a 
two-speed fan motor with a compara¬ 
tively simple switching arrangement. 
With the open-end type of connection as 
shown in Figure 1, the high-speed con¬ 
nection gives a normal capacitor motor, 
and its performance under any load may 
be determined by calculation with the 
formulas of either the revolving-field 
theory or the cross-field theory. When a 
control winding is added to the already 
complicated capacitor motor circuits, the 
analysis by the usual methods becomes 
even more difficult, and the calculation 
more involved and tedious than ever. In 
the following discussion a method is pre¬ 
sented for calculating the low-speed per¬ 
formance. This method while not abso¬ 
lutely rigorous, should give results well 
within the limits of variation of individual 
motors of the same design. 

Analyzing the Problem 

The problem may be divided into two 
parts: 

1. The performance of the motor is ob¬ 
tained when operating with the high-speed 
connection at the lower than normal voltage 
which will give the desired second speed. 

2. If one knows the performance at the 
proper speed with a certain line voltage 
applied, the voltage is calculated which will 

Paper 43-4, recommended by the AIEE committee 
on electrical machinery for presentation at the 
AIEE national technical meeting, New York, N. Y., 
January 25-29, 1943, Manuscript submitted 

June 4, 1942; made available for printing October 
20, 1942. 

P. H. Trickey is chief engineer, Diehl Manufactur¬ 
ing Company, Elizabethport, N. J. 


be necessary to apply to the total main and 
control winding to give the same speed. If 
this voltage is not equal to the line voltage, 
a different control winding must be designed. 

Low-Speed Performance on High- 
Speed Connection 

One procedure tcobtain the low-voltage 
performance would be to calculate the 
full-voltage performance at the desired 
second speed such as point B in Figure 4. 
Then if one knows that the fan torque of 
point A varies as the square of the speed 
and that the motor torque of point B 
varies as the square of the voltage, the 
proper voltage to use in calculating point 
could he obtained by simple ratios. 

In actual practice, however, this pro¬ 
cedure does not always work out so per¬ 
fectly, partly because of the change in 
saturation factor with lower voltage, but 
mainly because the friction does not drop 


OPEN 



Figure 1. Low-voltage operation on high 
speed connect! n 


off with voltage, the torque which should 
equal point C very often is a little more or 
less, and a third calculation must be made. 
It has been found advantageous to esti¬ 
mate the voltage for point C with its 
corresponding saturation factor. It is 
usually found that the torque is so close to 
point C that in one more trial the per¬ 
formance at point C is determined, and 
thus the result is obtained in two trials 
instead of three. 

Another and sometimes more conven¬ 
ient method to obtain the low-voltage 
low-speed performance is by actual test. 
The common fan-load test with variable 
voltage known as the fan saturation test 
gives the performance of the motor and 
blade at various voltages and speeds. 
It makes no difference to the second part 
of this problem whether the low-voltage 
low-speed values are obtained from test or 
calculation. In fact, the calculation 
sheet shown in Figure 3 shows an approxi¬ 
mate method for use when the test does 
not have phase readings. 

Low-Speed Performance on Low- 
Speed Connection 

With the low-voltage performance as a 
foundation, it is now possible to calculate 
the performance on the low-speed connec¬ 
tion at the same rpm. With the speed 
set, the voltage necessary to drive the fan 
at this speed is calculated, and the current 
and input are obtained. If this voltage 



Figure 2. Full-voltage operation on low- 
speed connection 
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Calculation Sheet for Tapped Wind i ng Capacitor I^Joto rs 



Type_ Frame _ Cal. Ref._ Duty_ _ 

_HP_Volfs_ Cycles _Poles_RPM Date 


S5_F-O._Si 5 ._E.S__ 

Form £N 1769 Wdg.--. 
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Figure 3. Example calculation 
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Figure 4. Motor and fan speed-torque curves 

E f is not equal to the line voltage, the 
motor will not drive the fan at the proper 
second speed, and a new control winding 
must be designed. 

Figure 5 shows the combined vector 
diagrams of the two connections when 
operating at the same speed. I m) I a , and 
I L are the currents with the high-speed 
connection and low-voltage E 2 . The in¬ 
duced voltage e 2 in the main winding is 
obtained by subtracting the reactance and 
resistance drops in the main winding due 
to the current I m . It is assumed that 
this induced voltage will remain the same 
under the low-speed connection if the 
speed is maintained at the same value. 

Since the control winding is placed in 
the main-winding slots, it acts with the 
main winding to form an autotransformer 
as well as to provide a series impedance. 
It is assumed that the autotransformer 
and motor effects are superimposed on 
each and that the motor provides the 
magnetizing current. Because of the 
transformer action, the new line amperes 
Is will be reduced from I L in the trans¬ 
former ratio. 

It —Il/Kz' 



where 

K 3 '=Ks +1 
' K n **CK m /CK wm 

CK m — effective series conductors in con¬ 
trol winding 

CK wm — effective series conductors in main 
winding 

Because of the transformer action, the 
main winding carries a transformer cur¬ 
rent 

Ia —II “Is 

The actual current in the main winding I m f 
will be a combination of this current Z 4 
with the main-winding motor current I m . 

Im' ^Im I* 

When all the new current values in each 
branch of the circuit are obtained, the 
new low-speed connection line voltage E r 
may be obtained by adding to e 2 the 
proper impedance drops plus the induced 
voltage ez in the control winding. 

E' — e<i J rI m :7\m~ i rjIm' x im J c e z J rIz r z J rjhxz 
ez=K^e 2 

The input will differ somewhat from 
W Lt the input on the high-speed connec¬ 
tion, by the addition of the control wind¬ 
ing copper loss Iz 2 rz, and by the reduction 


in the copper loss in the other two wind¬ 
ings. The main-winding copper loss is 
reduced because of the lower value of the 
current I m f . Also due to this reduced 
main-winding current, the capacitor- 
phase terminal voltage E 2 is less than E ly 
and with it the capacitor-phase current I a r . 
The capacitor-phase copper loss is re¬ 
duced accordingly. 

Figure 3 shows a convenient form of 
calculation sheet with an illustrative ex¬ 
ample. 
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Analysis of Rating Methods for 
Intermittent Loads 

R. E. HELLMUND 

FELLOW AIEE (Deceased) 


Synopsis: The economics of rating struc¬ 
tures for electrical equipment from the view¬ 
points of manufacturing and application are 
considered, jMethods for dealing with peri¬ 
odic load applications are reviewed.. The 
present methods have certain limitations for 
some practical applications. An improved 
method for applying motors to load cycles 
where the motor stops and ventilation 
changes in the no-load part of the cycle is 
developed. This method is based on certain 
motor-loss ratios, that is, the relation be¬ 
tween the losses dissipated with standard 
temperature rise running and at standstill 
and the losses at the nominal or short-time 
rating. It permits the application of service- 
factor or short-time ratings to periodic loads 
with more exactness. Attention is called 
to the wide variations in permissible rms 
current on periodic loads for different loss 
ratios and changes in ventilation on a motor. 

Rating Structures 

R ATINGS for intermittent or varying 
loads have recently received con¬ 
siderable attention 4-10 and AIEE Stand¬ 
ard 1^4 1 is an attempt to clarify and 
rationalize suitable methods for this pur¬ 
pose. No radically new methods of 
rating are proposed, but some new nomen¬ 
clature and new viewpoints are intro¬ 
duced ; the report also advocates in¬ 
creased use of some methods of rating 
which in the past have been applied to 
only a limited extent. 

Naturally there is some hesitation ih 
making changes in the rating practice, 
which is justified, because departures 
from well-established methods are likely 
to lead to confusion and expense. On 
the other hand, it must be realized that 
any change in practice which results in 
economies appreciably outweighing the 
disadvantages involved will probably be 
made sooner or later. All action of this 
nature should be based primarily on 
economic considerations. Broadly speak- 
ing, the number of rating methods should 
be kept as small as possible but they 
should not be so limited that they prevent 

Paper 43-6, recommended by the AIEE committee 
on electrical machinery and the standards co-ordi¬ 
nating committee 4 for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 

September 23, 1942: made available for printing 
November 2, 1942. 

R. E. Hellmund was chief engineer of Westing- 
house Electric and Manufacturing Company, East 
?Qi? bUrSh * Pa " at the time of his death - May 


satisfactory and reasonably economical 
applications of devices under the various 
conditions encountered in practice. 

In making changes in the rating struc¬ 
ture from an economic point of view, 
serious thought should be given to what 
such a change really entails. If a new 
rating method requires entirely new lines 
of machines and apparatus different from 
those already in existence and thus inter¬ 
feres with quantity production, and if it 
furthermore complicates the stock situa¬ 
tion both at the factory and in the field, it 
is justified only if it leads to decided im¬ 
provements. On the other hand, if a 
change merely means giving some addi¬ 
tional data for apparatus already stand¬ 
ardized, it should not be objectionable. 
Even here it must be realized that the 
additional information means expense and 
complications in listing, merchandising, 
and applying the apparatus. Hence the 
inclination to adhere to the present prac¬ 
tice of handling most apparatus by means 
of a single continuous rating as far as 
possible is quite natural. In the past, a 
departure from this simple practice has 
in general been made only under com¬ 
pelling circumstances. An example of an 
extreme case is the rating and application 
of single-phase railway motors 2 where 
the information given with the rating 
structure entails weeks of expensive tests 
as well as time-consuming methods of 
application. These expenses, however, 
are unquestionably well justified in view 
of the large number of motors of the same 
rating in use and the enormous invest¬ 
ment involved. Between the extreme 
conditions there is, of course, room for a 
variety of intermediate practices, some 
of which have been used to a limited ex¬ 
tent, as, for example, the rating structure 
for d-c railway, mill-type, and other mo¬ 
tors. In deciding whether the use of a 
more complicated rating structure is 
warranted, the expense for securing and 
giving additional rating data as well as 
the advantages derived should be taken 
into account. Frequently the inclusion 
of additional information will result in 
easy and economical application and fully 
compensate for the expense involved. 
The choice of method should also be in¬ 
fluenced by the existence or lack of well- 


established practices. If a rating practice 
has been in use for many years and has 
given reasonable satisfaction, a change 
would seem advisable only if the advan¬ 
tages obtained are appreciable. On the 
other hand, where it is necessary to 
establish new rating structures in entirely 
new fields, it seems logical to apply newer 
methods although they have only moder¬ 
ate advantage over others. In the 
following it is proposed to discuss some 
of the methods recently advocated and to 
point out their limitations; subsequently 
methods are indicated for overcoming 
these limitations and for handling cases 
which do not seem to be covered satis¬ 
factorily by AIEE Standard \A and re¬ 
lated literature. 

Ratings for Intermittent Duty 

AIEE Standard Id strongly empha¬ 
sizes the many applications of electrical 
machines and apparatus where a given 
load is carried for sustained periods or 
repeatedly for shorter periods, but where 
there are also light- or no-load conditions. 
The device must be satisfactory for the 
required load in many respects, such as 
regulation, torque characteristics, me¬ 
chanical strength, and so forth, and it is 
therefore proposed to assign a nominal 
rating corresponding to the load. It is 
also proposed to take advantage in the 
design of the noncontinuous nature of the 
load. 

Two methods are given for such cases, 
namely, the dual or service-factor method 
and the load-cycle method of rating. In 
the first method the nominal rating is 
supplemented by a service factor, which 
is the ratio of the continuous rating to 
the nominal rating and thus indicates 
the continuous rms rating of the machine 
or apparatus. This method, when appli¬ 
cable, has the advantage of being much 
more flexible in application than the load- 
cycle method. It permits the analysis 
of loads of varying size and time of appli¬ 
cation, merely requiring that the rms 
load does not exceed the continuous load 
indicated by the service factor. In con¬ 
trast, the load-cycle method is rather 
inflexible in its present form as its applica¬ 
tion is limited to a single load cycle, with 
both the amplitude and duration of the 
load for each cycle specified. Therefore, 
this method naturally will be considered 
only where for some reason the service- 
factor method is not suitable. 

Either of the periodic rating methods 
permits designs smaller than those with 
continuous ratings equal to the proposed 
nominal ratings of the periodic rating 
methods. Thus appreciable economy 
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Figure 1. Curves for equation 3 of Appendix 
I, with loss ratios C and F variable and p == 0.5, 
showing permissible rms currents for different 
ratios of running time per cycle 

may be accomplished in view of the 
many applications where continuous 
loads are not involved. However, it is 
highly desirable to obtain this economy 
without creating entirely new lines of 
ratings. This can be done by using the 
standard short-time ratings 5 * 8 wherever 
they exist. These ratings cannot carry 
the nominal rated load continuously but 
usually are suitable for service-factor or 
load-cycle ratings. To get a service- 
factor rating, or to indicate the load dura¬ 
tion and the percentage of the total time 
during which the nominal load can be 
carried to obtain a load-cycle rating, it 
is then merely necessary to supplement 
the short-time or nominal rating with the 
service factor. Even where no short- 
time ratings are available and new ratings 
have to be established, it seems desirable 
to make designs which are suitable for 
two or more of the rating methods, such 
as short-time, service-factor, and load- 
cycle ratings. 

Unfortunately the service-factor 
method, which is flexible in its application 
to a great variety of load conditions, is not 
always applicable. It is based on a single 
rms value applying for a constant condi¬ 
tion of cooling, which results in limita¬ 
tions under certain conditions. 

For example, when a device cannot 
carry any load continuously without over¬ 
heating, it is obviously impossible to give 
a service factor. This is frequently the 
case with enclosed machines or other 
enclosed apparatus where the core and 
similar losses, if prevailing continuously, 



Figure 2. Curves for equation 3 of Appendix 
I, with loss ratios C and F variable and p = 
0.333, showing permissible rms currents for 

different ratios of running time per cycle 

cause temperature rises in excess of those 
permissible for continuous operation. 
Such devices can be and frequently are 
used to good advantage on intermittent 
loads where no core or similar losses 
occur during idle periods. (In a few 
cases, such as series d-c motors where 
the speed varies and the operating volt¬ 
age ranges between zero and rated 
voltage, an rms rating can at times be 
given at a reduced voltage corresponding 
to the average operating voltage and a 
modified application of the service-factor 
method is possible.) 

Again, when the ventilation during the 
on and off periods of a load cycle changes 
materially, making the resultant effective 
ventilation appreciably less than the 
ventilation prevailing during the tests 
with the continuous load current, the 
service-factor method cannot be readily 
applied. Motors which stand still during 
the no-load periods, with an appreciable 
reduction in ventilation, are an illustra¬ 
tion of this.' 

When the heating or other operating 
limitations of devices are not entirely a 
function of the rms current, the service- 
factor method is not very suitable. For 
example, in electronic tubes the safe out¬ 
put is influenced by many different fac¬ 
tors but only to a negligible extent by the 
rms load, and therefore the rms load can¬ 
not be used as a correct indicator of 
permissible load. 

In these cases and possibly others, the 
load-cycle method of rating may have to 
be considered, and it would be of advan¬ 
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Figure 3. Curves for equation 3 of Appendix 
I, with loss ratios p and C variable and F=0.3, 
showing permissible rms currents for different 
ratios of running time per cycle 

tage to find ways of making this method 
more flexible. One possible way is to 
assign to a given device, in place of a 
single load-cycle rating, a number of 
different load-cycle ratings 9 * 10 in such a 
way that intermediate applications can 
be handled by interpolation. This 
method has been used with electronic 
devices for applications, such as spot 
welding, and is giving satisfactory results 
in practice. Although the assignment of 
a number of ratings naturally introduces 
complications, in this case the necessary 
interpolation can be readily and quickly 
made and, in fact, takes less time than 
the calculation of the rms or average 
currents. In other words, the extra ex¬ 
pense for establishing several ratings is 
compensated for by time saved in apply¬ 
ing the device. 

Periodic Loads on Motors 

Unfortunately, a similar practice for 
motors is almost out of the question. An 
acceptance test for a load cycle during 
which the motor must be started and 
stopped repeatedly is difficult because of 
temperature measurement and the neces¬ 
sity of properly adjusting the load to the 
desired value during each cycle. Fair 
results can be obtained where the operat¬ 
ing period is reasonably long, but serious 
difficulties are encountered in short load 
cycles, which are more common in prac- * 
tice. Therefore an entirely different 
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method of attack seems desirable. In a 
previous paper 7 , a method permitting 
certain load-cycle tests with relatively 
long operating periods on standard short- 
time rating motors was outlined. Meth¬ 
ods were indicated whereby data ob¬ 
tained from such tests could be utilized 
to derive results for load cycles of short 
duration. In the following a simpler 
method applicable with short load cycles 
is suggested. 

The Loss-Ratio Method 

Basically, the temperature rise of a 
motor is determined by the losses and 
the ability of the motor to dispose of 
them. This ability is obviously much 
different when the motor is at rest than 
when running. Consequently it seems 
almost hopeless to devise proper methods 
of application without some knowledge of 
the losses and the ability of the motor to 
dispose of heat during each of the widely 
different conditions of operation. Fur¬ 
thermore, with this knowledge, applica¬ 
tions can be readily made for any motor 
having a short-time or any other nominal 
rating. The essential quantities are: 

1. The constant losses (core and so forth) 
at the nominal rating = L c 

2. The variable losses (copper and so forth) 

at the nominal rating —L v \ 

3. The continuous losses permissible for 
standard temperature rise 1 at rated speed = 

L r 

4. The continuous losses permissible for 
standard temperature rise at standstill =L S 

Values for the first two items are always 
available from the efficiency determina¬ 
tion of the machine. With a service- 
factor rating, the value for the third item 
can be readily calculated from items 1 and 
2 by use of the service factor (equation 
4, Appendix I). If no service-factor 
rating is available, the information for 
item 3 can be obtained from a continuous 
run at reduced voltage and load giving 
standard temperature rise. Preferably 
the ratio between constant and varying 
losses during this test should be the same 
as at the nominal rating. The informa¬ 
tion for the fourth item can be obtained 
by a continuous test run with the motor 
at rest, at a voltage low enough to again 
result in the standard temperature rise. 
Then by means of the simple algebra of 
Appendix I, any desired load-cycle condi¬ 
tion can be calculated. Formula 2 gives 
the load current which can be carried for 
any value of running time per cycle, and 
formula 3 indicates the rms current for 
the entire load cycle corresponding to the 
load current of formula 2. Figure 1 shows 
curves indicating the value of the per¬ 


missible rms current for cases where the 
constant losses and varying losses are 
equal at the nominal rating (£ = 0.5). 
Figure 2 shows similar curves for applica¬ 
tions where the constant losses are one 
third and the varying losses two thirds of 
the total losses at the nominal rating 
(£ = 0.33). It will be noted that the per¬ 
missible rms current for the different 
ratios varies over very wide ranges, which 
confirms the fact that inexact methods are 
not likely to give very satisfactory re¬ 
sults. Also, it is evident that the basic 
factors considered in the present method 
should be known to make reasonably 
accurate calculations possible. 

Figure 3 again shows values for the rms 
current for a constant ratio of permissible 
continuous losses standing and running 
(F=0.3). Different ratios (£) for con¬ 
stant to total losses at nominal rating and 
different ratios ( C ) for permissible con¬ 
tinuous losses running to total losses at the 
nominal rating are used. A number of 
curves of this character, each for a differ¬ 
ent value of F, seem to be most suitable 
for practical use. The ratio F is a ma¬ 
chine characteristic, whereas p and C de¬ 
pend upon the nominal rating considered. 
Reasonably correct results can be ob¬ 
tained from such curves by interpolation 
for different values of the various ratios. 
Since the variables used in this method are 
all ratios of losses, this method might be 
referred to as the “loss-ratio method.” 
It is applicable directly to existing short- 
time ratings as well as to service-factor 
ratings, and it therefore obviates the 
necessity for separate and distinct lines 
of additional ratings. 

In a previous paper 8 dealing with load- 
cycle ratings, a factor ( S 3 ) was intro¬ 
duced to cover motors standing still dur¬ 
ing no-load periods. The formulas given 
were based on a factor (/), intended to 
make allowance for reduced ventilation 
and the absence of core losses at stand¬ 
still. These two effects influence results 
in opposite directions, and thus factor / 
depends upon the difference of two quan¬ 
tities. Since in practice each of these 
effects varies over wide ranges, the re¬ 
sultant difference is erratic, making it al¬ 
most impossible to deal with uniformly 
consistent values for / (see discussion of 
paper, reference 8). Formula 5 of Appen¬ 
dix I gives the same factor (S 3 ) in terms 
of the loss ratio F. With the method now 
proposed, factor F depends only upon the 
change of ventilating conditions and 
hence is likely to be fairly uniform, or at 
least quite consistent for a given type 
and line of machines. Therefore the 
present method will yield reasonably 
correct results even if test data for the 


value F are not available for all sizes of a 
line of motors. 

The calculations outlined above deal 
with the total losses and neglect the fact 
that hot-spot temperatures are influenced 
to some extent by the distribution of the 
losses in various parts of the machine. 
This can be taken into account by allow¬ 
ing a slight factor of safety in applying the 
motors. It is also evident that the pre¬ 
vious considerations apply more particu¬ 
larly to a-c induction motors, the type 
most universally used. For the different 
conditions prevailing in commutator- 
type motors, certain modifications will 
be necessary; for series motors in particu¬ 
lar, more complicated methods of appli¬ 
cation such as used for d-c railway motors 
may be in order. 

These calculations apply directly to 
applications where the load cycles are 
rather short and where the temperature of 
the machine does not vary materially 
during the cycle, the applications most 
common in practice. For relatively long 
load cycles or for load cycles very un¬ 
evenly distributed, the methods pre¬ 
viously outlined 8 for the service-factor 
method can be used, or the factor 5 2 
given there can be applied to the method 
outlined here. In other words, the factor 
S 2 can be used to give the relations be¬ 
tween short- and long-cycle applications 
regardless of whether the service-factor 
rating is given. When no service factor 
is given, the permissible rms current is 
obtained from formula 3, Appendix I, for 
short-load cycles. By multiplying this 
value by the factor S 2 (Figure 7 of refer¬ 
ence 8), permissible rms values for longer 
load cycles involving appreciable tem¬ 
perature changes can be obtained. Thus 
the loss-ratio method is applicable to both 
types of periodic duty cycles involving 
standstill during the no-load period, a 
condition for which other methods have 
limitations. 

Appendix I. Determination of 
Permissible Periodic Load Cycles 
for Motors by the Loss-Ratio 
Method 

Let 

L — total losses at the nominal rating cur¬ 
rent I 

L c — constant (core and so forth) losses = 

pL 

L v — variable (copper and so forth) losses = 
(1 ~P)L 

L r — continuous losses at rated speed for 
standard temperature rise 
L s — continuous losses at standstill for 
standard temperature rise 
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L r = CL where C=L T /L 
L s = FL T — CFL where F—L s /L r 
T —total time per cycle 
T r = kT = running time per cycle 

For any value of k, the losses which can 
be dissipated during the total cycle must 
equal the losses produced by a certain load 
current (4) during tlie running part of the 
cycle. 

Therefore 


L T k+L s a-k)=L c k+^jjL v k (1) 

Introducing the loss ratios p, C, and F 
and solving 

The rms current for the entire cycle cor¬ 
responding to the periodic current (4) is 


i r = \/n 2 k = iyY~( C -p-CF+Y^ (3) 

For a motor with a service-factor rating, 
let 


Si = service factor 
i — continuous rating current 
S% = ratio of rms current to continuous 
rating current 

Then 


L T = pL+Si*(l~P)L 


Also 

Lr = L c+ Q>L. 


from which 



(4) 


Then 

s.-Vi-ij^r p (c-p- c F+ f) <» 


References 


1. Report on General Principles for Rating 
of Electrical Apparatus for Short-Time, 
Intermittent, or Varying Duty, AIEE Standard 
1A, September 1941, 

2 . Complete Analysis of Motor Temperature 
Rise, F. Felix, H. J. Jungk. AIEE Transactions, 
volume 60, 1941, pages 578-86. 

3. Rotating Electrical Machinery on Rail¬ 
way Locomotives and Rail Cars and Trolley, 
Gasoline-Electric and Oil-Electric Coaches, 
AIEE Standard 11 (under revision). 

4. The Dual Rating of Electrical Apparatus, 
P. L. Alger. Electrical Engineering, volume 60, 
December 1941, pages 569-71. 

5. Dual Rating of Electrical Apparatus, 
F. A. Compton, Jr., R. E. Hellmund. Electrical 
Engineering, volume 61, January 1942, pages 
61-2. 

6. AIEE Proposes Dual Rating of Elec¬ 
trical Apparatus, P. L. Alger. Industrial Stand¬ 
ardization, February 1942, 


A New Type of Adjustable-Speed Drive 


for 

A. G. CONRAD 

MEMBER AIEE 


A-C Systems 

S. T. SMITH P. F. ORDUNG 

Enrolled Student AIEE Enrolled Student AIEE 


Synopsis: This paper describes the theory 
and characteristics of a new type of poly¬ 
phase adjustable-speed motor and its con¬ 
trol circuit. The system provides an a-c 
drive that has characteristics comparable 
to those of the Ward Leonard system used 
on direct currents. The control circuit 
provides starting as well as speed adjust¬ 
ments from 0 to 100 per cent of rated value. 
The power factor of the motor is either lead¬ 
ing or very close to unity over its operating 
range, and consequently the efficiency is 
high. Low costs of this type of motor and 
its control system, the large speed range, the 
facility for rapid reversal by regeneration, 
and its high starling torque make it suitable 
for some industrial applications. 

A TTEMPTS to adapt d-c shunt motors 
for use on alternating currents have 
been unsuccessful because of the difficulty 
in producing a flux that is in time phase 
with the armature current. In order to 
obtain a high power factor and a large 
torque, such a motor would have its arma¬ 
ture current under load inphase or ap¬ 
proximately inphase with both the arma¬ 
ture voltage and the air-gap flux. These 
conditions are unattainable in the a-c 
shunt motor. When tlie field and arma¬ 
ture are supplied with the same voltage, 
the phase of the field current is approxi¬ 
mately 90 degrees behind that of the 
voltage. The flux produced by the field 
is approximately in quadrature with the 
armature voltage. The armature current 
is more nearly inphase with the armature 
voltage, and consequently it cannot be in- 
phase with the flux. In addition to this 
the generated voltage produced by rota¬ 
tion of the armature in the field is ap¬ 
proximately 90 degrees out of phase with 
the applied voltage instead of being di¬ 
rectly opposed to it as in a d-c motor. 
Consequently the armature current is 
limited largely by the impedance of the 
armature, and speed has little effect on 
this current. Thus the single-phase 


shunt motor used on alternating current 
will take very large currents at all loads, 
and, since changes in generated voltage 
have little effect on this armature current, 
increases in load will cause large i educ¬ 
tions in speed. The speed regulation of 
such a motor is objectionably high. 

The undesirable features referred to 
above can be overcome by adapting the 
motor for use on polyphase systems in a 
manner such that tlie voltage applied to 
the field is approximately at right angles 
in time phase with respect to the armature 
voltage. Under such conditions the in¬ 
ductive effect of tlie field will cause the 
air-gap flux to be approximately inphasc 
with the armature voltage. The gener¬ 
ated voltage in the armature due to rota¬ 
tion will oppose the applied voltage, caus¬ 
ing the motor to behave very much like a 
d-c shunt machine. Thus in Figure 1, if 
the field and the armature of a motor arc 
supplied from separate phases of a two- 
phase system, the motor would take a 
small armature current at no load and an 
increased current when load is applied. 
The armature current would he out of 
phase with the armature voltage, and, 
because of the large armature impedance, 
the speed regulation would be similar to 
that of a shunt motor with a large resist¬ 
ance in its armature circuit. 

The Motor and Its Circuits 

Objections to the two-phase motor 
shown in Figure t can he overcome by 
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Figure 1. The motor supplied with two-phase 
voltages and its vector diagram 


in such a position as to neutralize the flux 
produced by the armature ampere turns. 
The main field winding is placed on the 
stator and is spaced 90 electrical degrees 
with respect to the compensating winding. 
Three-phase voltage is supplied at the 
points a, b, and c, and an adjustable trans¬ 
former is connected between b and c. 
The motor armature can be supplied with 
all or any portion of the voltage between 
the points b and c. Selection of speed is 
obtained by adjustment of this armature 
voltage. The field winding is connected 
between line a and point x on the adjust¬ 
able transformer. The field winding acts 
as a transformer in making essentially a 
three-pliase to two-phase transformation 
of voltages. This differs from the ordi- 


the impedance of the control transformer 
is negligible. 

When voltage is supplied to the field 
of this motor, the back electromotive 
force in the field is produced by a resist¬ 
ance drop, a drop due to the mutual flux 
that cuts the armature and the field con¬ 
ductors, and a drop due to the leakage 
flux which cuts the field winding but not 
the armature. The vectors representing 
these voltages are shown in Figure 3. 
The voltage applied to the field is E f , the 
leakage-reactance voltage drop is IfX f , and 
the voltage produced in the field winding 
by the mutual flux is E/. The mutual 
field flux that generates the voltage E/ in 
the winding is represented by the vector <£. 

If the armature voltage E a is applied 
while the rotor is held stationary, the 
armature current will be limited by the 
equivalent resistance and reactance of the 
armature circuit. The equivalent resist¬ 
ance R a is determined by the effective 
resistance of the armature circuit plus the 
resistance of the compensating winding 
reflected to the armature; whereas the 
equivalent reactance X a is determined by 
the closeness of coupling of the compen¬ 
sating winding to the armature. Thus 
the blocked-rotor armature current I ab is 
equal to the voltage E a divided by the im¬ 
pedance Z a of the armature circuit, where 

Z a = VsJ+XS 

The current I ab shown in Figure 3, lags 
the armature voltage by the angle (3 where 

R a 

P = cos- 1 - 

La 

p is also the angle between the voltage 
I a Z a and the current I a) where I a is "'the 
armature current for any value of load 



Figure 4. Speed-torque curves of the motor 
for different values of armature voltage 


Figure 3. The complete vec¬ 
tor diagram of the motor 





Figure 2. The motor supplied with three- 
phase voltage and the voltage vectors 

proper design of the motor and by supply¬ 
ing the field with a voltage that is in 
proper phase relationship with respect to 
the armature voltage. The armature 
should be designed with the lowest value 
of impedance practicable. This requires a 
compensating winding on the stator which 
can be connected either in series with the 
armature or short-circuited—the latter 
connection produces inductive compensa¬ 
tion. The voltage applied to the field 
should be shifted in time phase with re¬ 
spect to its quadrature position shown in 
Figure 1, so that the time phase of the air- 
gap flux is slightly behind the armature 
applied voltage. This shift is essential in 
order that the power factor of the motor 
be kept high and can be accomplished in 
the circuit shown in Figure 1 by connect¬ 
ing the field across the points a and r. 

The methods of obtaining this slight 
shift of voltage on polyphase systems are 
numerous. The requisite voltages for 
field and armature referred to above can 
be obtained from a three-phase supply by 
use of the circuit shown in Figure 2. The 
motor has an armature similar to that of 
an ordinary repulsion motor. The com¬ 
pensating winding is placed on the stator 


nary Scott connection in that the point x 
is not exactly midway between b and c. 

Theory of the Motor 

The theory and operation of the motor 
connected as in Figure 2 can be explained 
on the basis of its vector diagram shown in 
Figure 3. This is the diagram for a two- 
horsepower motor constructed in accord¬ 
ance with the required features described 
above. The field voltage is shown as the 
vector E /, and for this particular case it is 
almost perpendicular to the armature 
voltage vector E a . The phase angle be¬ 
tween these voltages can be changed by 
moving the tap x on the control trans¬ 
former. In the analysis presented here it 
is assumed that the armature and field 
voltages remain constant and fixed in 
direction for all values of load arid that 
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Figure 5. Power-factor curves for different 
speed settings 


The current I ab acting on the flux <p 
produces torque. If the motor is allowed 
to rotate, a counterelectromotive force 
similar to the back electromotive force in 
a direct-current motor will be generated. 
This generated voltage E g will have the 
same time phase as the flux <j>, since it is 
proportional to the product of the flux and 
speed. Therefore the generated voltage 
vector E g is parallel to the flux vector <t>, 
and the magnitude of Eg is proportional 
to the speed of the motor if the flux is con¬ 
stant. The sum of the voltages in the 
armature circuit must equal the applied 
voltage, or expressed as an equation 

IaZ a ~\~Eg ~Ea 

In this relationship the voltage E g has a 
fixed direction but can change in magni¬ 
tude as explained above; however the 
voltage E a is constant in both direction 
and magnitude as assumed. Therefore 
the term I a Z a has a variable direction and 
magnitude such that the above equation 
is satisfied. 

For an increase in speed, the magnitude 
of the vector E 0 in Figure 3 increases 
along the dotted line fd —this line is 
parallel to the flux vector p. The ter¬ 
minus of the vector I a Z a must always lie 
along the dotted line fd in order that the 
vector sum of I a Z a and Eg be equal to the 
vector E a • Thus the extremity of the 
vector I a Z a has the straight line locus fd. 
Since the changes in the brush resistances 
are small over the operating range of the 
motor, the armature impedance Z a is 
essentially constant. The armature cur¬ 
rent I a is proportional to I a Z a ; therefore, 
the terminus of the vector I a also follows a 
straight-line locus in the same manner as 
the vector I a Z a . The locus of l a , shown 
as the dotted line gh in Figure 3, is dis¬ 
placed from the line df by the impedance 
angle 13 . The vector I a Z a must lead the 
armature current vector by the imped¬ 
ance angle 0. 

The power developed is equal to the 
projection of E g on I a multiplied by I a) 
and the copper loss in the armature circuit 



Figure 6. Efficiencies for different speed 
adjustments 

is equal to the projection of I a Z a on I a 
multiplied by I a . At no load the de¬ 
veloped power is small, therefore the 
current vector J a is approximately perpen¬ 
dicular to the vector Eg. For the condi¬ 
tion of no load the armature current I a as 
shown by the vector diagram is leading 
the applied voltage E a . When the ma¬ 
chine is loaded, there is a slight reduction 
in speed and consequently a reduction in 
the magnitude of the vector E 0 . This 
change in E g causes a change in the mag¬ 
nitude and direction of the vector I a Z a — 
such that its extremity moves along its 
locus df. This clockwise shift of the vec¬ 
tor I a Z a is associated with an equivalent 
shift in the current vector I a . The locus 
of the terminus of the vector l a is gh. 
Thus an increase in load is associated with 
a reduction of speed. The torque sup¬ 
plied to the shaft is represented by the 
projection of the current vector I a on the 
flux vector <j> (Figure 3). Expressed as an 
equation 

T — cos (a-j-0) * 

where 8 'is the power-factor angle of the 



Figure 7. Armature-current curves for dif- 
f rent speed adjustments 



Figure 8. Circuit for reversing drive 


armature circuit. This angle 8 is con¬ 
sidered plus for leading power factors and 
minus for lagging power factors. The 
factor AT is a constant' and & is the angle 
between the flux vector <j) and the voltage 
vector E a - 

Performance 

Experiments conducted on a motor sup¬ 
plied as shown in Figure 2 reveal that the 
characteristics predicted from the vector 
diagram of Figure 3 check the perform¬ 
ance characteristics of the motor. The 
speed-torque characteristics of this motor 
with different values of impressed arma¬ 
ture voltage are shown in Figure 4. 
These speed-torque curves are straight 
lines and are parallel. For the high-speed 
setting the speed regulation of the motor 
is approximately nine per cent. These 
speed-torque curves indicate that the 
motor has an extremely high starting 
torque. Selection of speed can be ac¬ 
complished by adjusting the armature 
voltage E a . The power factor of the 
armature circuit for different speed set¬ 
tings is shown in Figure 5. The corre¬ 
sponding efficiency and armature current 
curves are shown in Figure 6 and Figure 7 
respectively. 

Since one of the three-phase lines to the 
motor carries only field current, while 
each of the other two lines carries the 
transformed armature current and a por¬ 
tion of the field current, the three line 
currents supplying this system must be 
unbalanced. The extent of unbalance 
for approximate equal intervals of load 
from no load to full load for the perform¬ 
ance curve 1 of Figure 4 is indicated in 
Table I. 

Additional Control Features 

The motor described here can be easily 
adapted for reversing operation by the 
use of the circuit shown in Figure 8. In 
this circuit one side of the armature is 
connected to the mid-tap of the trans¬ 
former. The other side of the armature 
can be connected to either side of the mid¬ 
tap for operation. When connected on 
the right (Figure 8) of the mid-tap, the 
direction of rotation of the motor will be 
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reversed with respect to its direction of 
rotation when connected to the left. 
Thus reversing is easily obtained. 

Other types of transformer connections 
can be used to supply this motor with the 
same terminal voltages as those discussed 
here. Such connections naturally pro¬ 
vide the motor with the same operating 
characteristics. Field control can be 
added in these circuits, but it usually re¬ 
sults in poorer motor characteristics. A 
slight amount of saturation in the field 
provides fair speed regulation in the 
motor. Weakening the field will cause an 
increase in speed, but it wilj also cause an 
increase in the speed regulation. 

If the sliding contact is moved rapidly 
toward the other armature supply tap on 
the adjustable transformer, there will be a 
rapid reduction of the armature voltage 
E a . This causes a reversal of the power 
component of the armature current. The 
machine will act as a generator, and high 
braking action will result. Thus the 
same control apparatus used for starting 
and controlling the speed can be used for 
braking. 

Conclusions 

1. The theory of a new type of adjustable- 
speed drive for use on alternating currents is 
presented here. 

2. The theory is verified through experi¬ 
ments conducted on a two-horsepower motor 
and its controller. Performance of the 
system was found to be meritorious. 

3. The system provides speed adjustment 
for either direction of rotation. 

4. The speed range is from 0 to 100 per cent 
of the rated armature speed. 

J5. By proper adjustment the power factor 



Table 1 


Field Current 

Line Currents Supplying the 

Amperes 

Armature Amperes 

Ii 

h 

Ia 

9 5 

.12.2. 

. 6.1 

9.5. 

..13.0. 

. 6.0 

9 5 ... . 

.15.1. 

. 7.1 

9.5 . 

. ..16.4. 

. 8.0 

9 6 . 

.17.4. 

. 8.2 

9 6 

.19.3. 

. 9.7 

9.6. 

.22 9. 

.13.5 


of the motor is leading or close to unity from 
no load to full load. 

6. The controller consists of an adjustable 
autotransformer and can be mounted inde¬ 
pendently of the motor itself. 

7. High starting torques are available for 
accelerating heavy loads or loads with large 
inertias. 

8. No energy is lost in starting resistors in 
this type of control. The system has 
smooth accelerating characteristics from 
standstill to maximum speed. 

9. Since the armature currents on starting 
are supplied at low voltage, the input cur¬ 
rents to the system are small, thereby 
eliminating line-voltage disturbances nor¬ 
mally associated with motor starting. 

10. Rapid acceleration and deceleration 
are provided in the control circuit. 

11. Efficiency of the system is compara¬ 
tively high. 

12. Simplicity of the control circuit and 
its manifold uses make the unit relatively 
inexpensive. 

13. The unbalance of line currents makes 
its application to large motors undesirable. 
The unbalance produced by small motors of 
this type is not objectionable. 

List of Symbols 

E a —The voltage applied to the armature. 
Ef —The effective value of the voltage ap¬ 


plied to the field winding of the motor. 

E /—The effective value of the voltage in¬ 
duced in the field winding by the flux <p 
crossing the air gap. 

Eg —The effective value of the generated 
voltage in the armature. 

I a —The effective value of the armature 
current expressed in amperes. 

I ab —The effective value of armature current 
expressed in amperes when the motor 
is at standstill. 

1 /—Effective value of the field current. 

K —A constant for any particular motor 
involving the total number of turns on 
the armature, the number of parallel 
paths, and the number of poles. 

R a —The equivalent resistance expressed in 
ohms of the armature and compensat¬ 
ing winding. 

Rj —Resistance of the field winding. 

T —The developed torque of the motor ex¬ 
pressed in pound-feet. 

x —The point on the adjustable trans¬ 
former at which the field is connected. 

X a —The equivalent reactance of the arma- 
thre and compensating winding ex¬ 
pressed in ohms. 

Xj —The effective reactance of the field 
winding expressed in ohms caused by 
the leakage flux that does not cross the 
air gap. 

Z a —The equivalent impedance of the arma¬ 
ture and compensating winding ex¬ 
pressed in ohms. 

a —The phase angle expressed in electrical 
degrees between the generated voltage 
and the applied armature voltage. 

|8—The angle having a cosine that is equal 
to the ratio of the armature resistance 
R a to the armature impedance Z a . 

6 —The phase angle or power-factor angle 
in electrical degrees between the im¬ 
pressed armature voltage E a and the 
armature current 

$—The total flux per pole crossing the air 
gap expressed in maxwells. 
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A New Generator Differential Relay 

a. j. McConnell 

ASSOCIATE AIEE 


D ELAYS have been available for 

. years capable of providing selective 
high-speed protection if—and it is a big 
IF—the intelligence transmitted to the 
relay closely approximates the truth.” 
This statement, recently made by a pro¬ 
tection engineer, is a true statement, the 
import of which is not always fully rec- 
ognized. 

Regarding current supply, there are 
many relay applications for which ortho¬ 
dox current transformers are quite ade¬ 
quate. On the other hand, applications 
such as differential relaying require care¬ 
ful consideration of the current-trans- 
former characteristics. If a high-speed 
differential relay is desired, transient, as 
well as steady-state characteristics must 
be studied. The reason for this is the 
probability of false differential current 
flow occasioned by d-c saturation of a 
current transformer excited by an offset 
current. 1 

There has been a gradual improvement 
in the steady-state characteristics of 
current transformers. Also, the transient 
problem has been attacked by increasing 
the size of the core, by inserting air gaps 
in the magnetic circuit, 2 or by eliminating 
the iron entirely. 3 By and large, how¬ 
ever, the major portion of differential- 
relay development has been concerned 
solely with the design of relays capable of 
overcoming the inherent deficiencies of 


leaving the zone of protection. During a 
fault external to the protected zone, it 
operates only if one current is a certain per¬ 
centage above the other (slope). Figure 1, 
curve A, shows the operating characteris¬ 
tic of one such relay, 

(c) . High-speed percentage- or ratio-dif¬ 
ferential relay Such relays have had only 
limited success because of the high false dif¬ 
ferential current possible, as above noted, 
during transient conditions. 

(d) . Harmonic-current-restrained differen¬ 
tial relay. 7 Although transformer and bus 
relays of this type have been successfully 
applied, the harmonic-current-restraint prin¬ 
ciple has never been extended to generator 
protection because of design limitations at¬ 
tending the requirements of high sensitivity 
and ability to withstand heavy fault cur¬ 
rents. 

(e) . ' Relay utilizing both (I) variable ratio 
(variable slope) and (2) the out-of-phase 
relationship between the differential and 
restraining currents during heavy through 
faults 8 (Figure 1, curve B) shows a variable- 
slope characteristic with all currents in- 
phase. 

(/). A new differential relay, described 
herein, the restraining force of which is ob¬ 
tained by means of a principle heretofore 
unused. It restrains in response to the 
product of the currents entering and leaving 
the protected zone, and, consequently the 
new principle is called "product restraint.” 
In addition, the relay has a slope which is 
variable and which increases very rapidly 
above approximately twice normal current 
(Figure 1, curve C ). 


standard current transformers. There is 
no better example, in support of this 
statement, than the protection of genera¬ 
tors against internal faults. 

As of today, what better protection 
could be imagined than the very first 
instantaneous overcurrent relay, con¬ 
nected differentially, if the currents sup¬ 
plied to the relay were true representa¬ 
tions of the actual primary currents? 
Actually, however, there have been at 
least five generator protective-relay de¬ 
velopments, all concerned with the in¬ 
adequacy of the current supply. Briefly, 
the chronology has been somewhat as 
follows: 

(a) . Time-overcurrent relay connected dif¬ 
ferentially. 4 - 5 False current-transformer 
output requires high minimum operating 
current, or long operating time, or both, in 
order to prevent improper relay operation. 

(b) . Percentage- or ratio-differential relay 
(relatively slow speed). 6 Such a relay is 
provided with a restraining force dependent 
upon the sum of the currents entering and 


Limitations of Variable Slope 
With Summation Restraint 


In order to appreciate fully the prin¬ 
ciple, product restraint, it is necessary 
first to consider the limitation of variable 
ratio or slope as applied to a relay using 
the orthodox summation restraint. 

Variable ratio or slope, as the names 
imply, signifies that the slope of the 
through-fault operating characteristic 
continuously changes, as shown by curve 
B of Figure 1. In order to be really 
effective, however, the slope should in¬ 
crease rapidly above maximum full-load 
current of the machine, perhaps as in¬ 
dicated by curve C of Figure 1. To ob- 


Faper 43-15, recommended by the AIEE committee 
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tain such a relay characteristic, it is 
apparent that, as the current increases, 
the operating force must become deficient 
relative to the restraining force. How¬ 
ever, assuming summation restraint, a 
relay with this characteristic could fail 
to operate under certain internal fault 
conditions. For example, if the internal 
fault is fed only by the protected gen¬ 
erator (that is no external source), the 
restraining and the differential currents 
are identical. Figure 2 shows curves for 
the operating and restraining forces of a 
relay with a variable slope, summation 
restraint, and identical restraining and 
operating currents. For currents above 
the intersection of the curves, the relay 
will fail to operate, because the restraining 
force is in excess of the operating force. 

For simplicity, it was considered that 
the curves of Figure 2 were based upon an 
internal generator fault without an ex¬ 
ternal source of feed. Actually, the 
danger of failure to operate may be 
greater when there is an external source. 
With equal currents fed from the pro¬ 
tected generator and an external source, 
the restraining force of a summation 
restraint relay is theoretically zero. How¬ 
ever, the current from the external source 
may be much greater than the current 
supplied from the protected generator 
(for example: there may be several 
generators on the same bus). Conse¬ 
quently, the restraining force may be 
much greater when there is an external 
source than when there is not, and there 
may be a greater possibility of nonopera¬ 
tion. For example, assume a generator 
bus with four identical generators con¬ 
nected to it (and no other source of 
power). The total fault current during 
a bus fault is four times the current sup¬ 
plied by each generator. If the fault is on 
the leads of a generator (within its differ¬ 
entially protected zone), the differential 
current is four times and the net restrain¬ 
ing current is twice the respective cur¬ 
rents for a fault on the generator leads 



htics of three kinds of differential relays " 

Restrain)^ and differential currents in phase 
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Figure 2. Torque curves of saturated operat¬ 
ing element and unsaturated restraining ele¬ 
ment (summation restraint illustrating possible 
failure to operate on internal fault) 

GENERATOR CIRCUIT 
GT WINDING BREAKER CT FAULT 
- M- WWvYAY— X 

Figure 3. Directions of currents in current 
transformers during external fault 
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Figure 4. Directions of currents in current 
transformers during internal fault 

with no external source. Relative to the 
current at the intersection of the curves 
of Figure 2, doubling the restraining cur¬ 
rent increases the restraining force to 
four times, whereas increasing the operat¬ 
ing (differential) current to four times 
increases the operating force by much less 
than four times. Hence, the increase in 
restraining force relative to operating 
force increases the possibility of failure 
to operate when there is an external 
source. 

Product Restraint 

In order to retain the desired through- 
fault characteristic, curve C of Figure 1, 
and yet provide positive operating margin 
during an internal fault, it is necessary 
that the restraining force be greatly re¬ 
duced, or, preferably, entirely eliminated 
during an internal fault. The latter re¬ 
sult can be accomplished by restraining in 
response to the product of the currents 
entering and leaving the protected zone, 
rather than to their sum. Thus, during 
an internal fault fed only by the protected 
generator, the restraining force is zero, 
since one of the two terms of the product 
is zero. 

For a through fault, the relative polar¬ 
ity of the restraining winding is such that 
the force is in the contact-opening direc¬ 
tion. For an internal fault, assuming 
that the generator is connected to another 
source of power, the relative direction of 
the fault currents is reversed so that the 
so-called restraining windings will actu- 
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Figure 5. Coil locations in product-restraint 
differential-relay element 



Figure 6. Schematic diagram showing relay 
and auxiliaries for one phase 


ally produce a contact-closing force. 
Thus, the windings which provide the 
restraining force during a through fault, 
produce, in so far as fault current is con¬ 
cerned, either an operating force or no 
force during an internal fault. 

A somewhat different conception of the 
operation of this relay results if the relay 
is considered to be primarily a directional 
relay. Figure 3 shows that, for an ex¬ 
ternal fault, the current flow is in the 
same direction in the current transformers 
on opposite sides of the generator winding. 
Figure 4 shows that the short-circuit 
currents in the two current transformers 
are in opposite directions during an in¬ 
ternal fault. 

If Figure 4 were true under all condi¬ 
tions, a current polarized directional 
relay, one winding connected to each cur¬ 
rent transformer, would provide adequate 
protection against internal faults. How¬ 
ever, there are two conditions during 
which Figure 4 is in error. First, there 
may be no external source, in which case 
the directional relay would fail to operate. 
Second, load current appears to the di¬ 
rectional relay to be an external fault of 
relatively low current magnitude as in 
Figure 3. If the internal fault current 
is low, the load current may outweigh 
the fault current, thereby preventing the 
current reversal required for relay opera¬ 
tion. 

In order to provide sensitive operation 
with load current flowing and to permit 
operation when there is no external 
source of power, a differentially con¬ 
nected overcurrent relay can be added to 
the directional relay, both relays acting 
upon a single shaft. Although it is neces- 



Figure 7. Three-phase product-restraint dif¬ 
ferential relay 

sary that the overcurrent element be 
sensitive in order that low values of short- 
circuit current may overcome the effect 
of load current, it is not necessary that 
the overcurrent element torque ever be 
greatly in excess of the restraining torque 
of the directional clement under maxi¬ 
mum load current conditions. This fact 
permits sharp saturation of the differen¬ 
tial current circuit, thereby causing the 
relay to be stable during external faults, 
even with the large false differential cur¬ 
rents which may be present at the higher 
current levels. 

Description of Relay 

The relay unit using the product- 
restraint principle is of the eiglit-pole, 
induction cylinder construction previ¬ 
ously described before the Institute. 9 
The available poles permit both the 
differential-operating and the product¬ 
restraining functions to be accomplished 
in a single unit. Although a single relay 
unit is described, it should be understood 
that three such units are required for a 
three-phase circuit. 

Figure 5 shows the locations of the 
various coils on the eight-pole structure. 
The upper three coils, denoted by A and 


McConnell—New Generator Differential Relay 


Electrical Engineering 

















B, are the differential-operating coils, 
while the lower three coils, C and D pro¬ 
vide the product restraint. 

Figure 6 shows schematically the con¬ 
nections of the various coils to the cur¬ 
rent transformers spanning the protected 
zone. 

Figure 6 indicates that the differential 
current is not supplied directly to the 
upper coils of Figure 5, but, rather, in¬ 
directly through an autotransformer. 
The autotransformer, which saturates at 
a relatively low current, provides the 
greatly increasing slope characteristic as 
the through-fault current increases. It 
also permits the use of relatively large 
wire in the differential circuit, thereby 
facilitating testing at the higher currents 
without the overheating usually encoun¬ 
tered in testing generator differential 
relays. 



Figure 8. Cross-sectional view of relay back¬ 
stop 

It will be noticed that a resistor is used 
in the circuit of coils A. This resistor is 
for the purpose of shifting the phase of the 
current in the outer poles to obtain a 
torque-producing component. The neces¬ 
sary phase shift of the product-restraining 
coils is obtained easily in the relay unit 
itself by means of a flux-shifting copper 
tube. 

Figure 7 shows a three-phase relay, all 
auxiliaries of which are mounted behind 
the relay units. Those familiar with this 
construction will recognize the usual 
bounce-suppressing contact on the left- 
hand side of the upper structure of each 
relay unit. Because of constructional 
similarity, there appears to be a contact 
on the right-hand side also. However, 
the tube or “barrel” on the right-hand 
side is a new type of backstop construc¬ 
tion which prevents closing the tripping 
contacts upon the release of a through- 
fault restraining force. This backstop 
has another desirable quality in that it 
acts as a shock-suppressing device. The 
relay can be set as low as 0.1 ampere at 
no load, as indicated by the insert of 
Figure 1. However, for practical pur¬ 


poses 0.2 ampere is sufficiently low, and a 
relay calibrated at this value will be safe 
against false operation, even under 
unusual shock conditions. 

Figure 8 shows a cross-sectional view 
of the backstop. Felt pad A, attached 
to the moving contact arm B , normally 
rests against stainless-steel ball C, which 
in turn is free to roll in race D, The race 
is inclined sufficiently to cause the ball 
to retain the contact arm in the position 
shown under normal conditions with full 
load current flowing. Upon the occur¬ 
rence of an external fault, the restraining 
torque causes the moving contact arm to 
force the ball to the right, opening the 
contact gap and thereby effectively pre¬ 
venting the stored energy from causing 
contact closure upon the release of that 
energy when the external fault is cleared. 
Regarding the shock-resistant quality of 
the backstop, consider first the action of 
a solid backstop following a blow from the 
right. The energy of the impact would 
be transmitted, with practically no at¬ 
tenuation, to the moving contact arm, 
causing it to move to the left, or contact¬ 
closing direction. With the backstop of 
Figure 8, a blow from the right causes 
race D to move sharply to the left. How¬ 
ever, since the ball is free to move relative 
to the race, the inertia of the ball causes 
it, together with the moving contact, to 
remain substantially motionless in space. 

Relay Characteristics 

The typical through-fault operating 
characteristic of this relay is that pre¬ 
viously referred to as the “desired char¬ 
acteristic,” curve C of Figure 1. The 
insert of Figure 1 shows the same curve 
at low current levels and can be used for 
internal faults, the abscissas then indi¬ 
cating the load currents. Any further 
attempt to depict the internal fault char¬ 
acteristic would be quite meaningless, 
since, as previously explained, a flow of 
short-circuit current from an external 
source causes an operating force to be 
produced by the so-called restraining 
windings and thereby, in effect, reduces 
the minimum operating current of the 
relay. 

The relay is of the high-speed type as 
indicated by the time-current cmve, 
Figure 9. 

The burden of the restraining coils is 
very low, approximately 0.08 ohm total. 
The burden of the operating-coil circuit 
is a variable, reaching a maximum of 65 
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Figure 9. Typical time-current curve of relay 
with restraint corresponding to full load 

ohms. This seems high but is actually 
comparable with, if not less than, the 
burdens of other generator differential- 
relay operating circuits. 

Conclusion 

A generator differential relay has been 
described which approaches the ideal of 
fast sensitive protection equivalent to 
that attainable with perfect current 
transformers. Because the product- 
restraint principle permits a variable 
slope without its usually attendant 
“blind-spot” danger, the relay can be 
applied with a minimum of effort. 

Thus far, the generator differential 
relay is the only relay to which the prod¬ 
uct-restraint principle has been applied. 
This development was completed before 
December 7, 1941, but further extension 
of product restraint such as to trans¬ 
former, pilot wire, or bus differential 
relays, must await normal times. 
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Synopsis: This paper describes an elec¬ 
tronic instrument for the measurement of 
the arcing time of a contact closing or open¬ 
ing a circuit. This measurement is accom¬ 
plished by permitting a current of constant 
value to flow into a capacitor during the 
time that an arc exists across the contacts 
under observation; the charge accumulated 
on the capacitor is therefore a measure of 
the arcing time. The instrument also con¬ 
tains electronic means of measuring the 
charge on the capacitor, by determining 
the voltage existing across it at the end of the 
measurement. The circuit serving this pur¬ 
pose is a Wheatstone bridge with a tube in 
one arm, to whose grid the capacitor is con¬ 
nected, and a microammeter in the diagonal 
which indicates directly the amount of un¬ 
balance produced by the capacitor voltage. 

The application of the instrument to the 
investigation of a three-pole contactor is 
described. 


F OR the investigation of contact-mak¬ 
ing devices such as contactors, relays, 
and snap switches under various load con¬ 
ditions, a device for the quick determina¬ 
tion of the operating time of a contact 
seemed desirable. As many investigators 
in the field have found that the making of 
a circuit often represents a harder service 
for the contact-making device, because of 
contact bounce, than the breaking of the 
circuit, the instrument described in the 
following paragraphs was originally de¬ 
signed to permit the quick measurement 
of the bouncing time of a contact, without 
the need of employing an oscillograph. 

The underlying principle of the instru¬ 
ment is very simple; a current of constant 
and predetermined value is made to flow 
into a capacitor during the time that the 
contact is being made or broken, that is, 
during the time that an arc exists across 
the contacts. The charge accumulated 
on the capacitor and with it the voltage 
appearing across it are therefore propor¬ 
tional to the time of arcing, since the 
charge is the time integral of the current 
flowing into the capacitor. 

Paper 43-1, recommended by the AIEE joint com¬ 
mittee on electronics and the committee on instru¬ 
ments and measurements for presentation at the 
AIEE national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
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October 15, 1942. 

Walther Richter is consulting engineer, Milwau¬ 
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engineer, experimental department, Cutler-Ham¬ 
mer, Inc., Milwaukee, Wis. 


Obviously, mechanical relays cannot be 
used to connect and disconnect the meas¬ 
uring capacitor to and from a suitable 
charging circuit during the arcing time of 
the contact-making device under observa¬ 
tion, since the error introduced by these 
relays would be of the same order of 
magnitude as the time to be measured. 
A vacuum tube, on the other hand, is a 
practically inertialess relay and thus 
offers a convenient solution to this prob¬ 
lem. Furthermore, if a capacitor and a 
tetrode or pentode, properly biased, are 
placed in series across a fixed d-c voltage, 
the current which will flow in this series 
combination, that is, the charging current 
of the capacitor, will remain practically 
constant, as a result of the flat plate char¬ 
acteristics of these types of tubes, until 
the voltage across the tube has been re¬ 
duced to a relatively low value. A 
nearly linear relation between time and 
accumulated charge is thus obtained. 

Figure 1 shows that part of the circuit 
which accomplishes the charging of the 
capacitor. It is seen that the capacitor is 
placed in series with a pentode across a 
suitable d-c voltage. The capacitor is 
by-passed by the meter Mi and the 
normally closed switch S 2 , which is 
opened just before a measurement is 
taken and is kept open only until the 
measurement is completed. The grid 
bias of the pentode consists of voltage 
drops caused by currents flowing in the 
resistors Ri and i? 3 , as will be explained in 
more detail later. During the adjust¬ 
ment of the charging current to a suitable 
value, as well as during the actual arcing 
time, no current flows through R h and 
the bias voltage consists only of the volt¬ 
age drop e 0 across R lt This voltage is of 
constant value and such that it permits 
plate current to flow, the amount being 
adjustable to any desired value by varying 
the screen grid voltage obtained from the 
potential divider P x . If switch S 2 were 
opened at this moment the plate current, 
which up to this instant was indicated by 
the meter Mi, would flow through the 
capacitor, charging it linearly with time. 
Switch S 2 is not opened, however, until 
additional bias, furnished by a current 
flowing through resistor R s , has biased 
this tube beyond cutoff:. 


It now becomes evident that means 
must be provided to maintain a current 
flow through P 3 sufficient to bias the 
charging tube to cutoff, except during the 
arcing time of the contacts under observa¬ 
tion, at which time the current floyr 
through i? 3 should be reduced to zero, so 
that the previously adjusted charging 
current will flow into the capacitor, as 
already explained. Furthermore, the in¬ 
strument should indicate directly the 
charge accumulated on the capacitor dur¬ 
ing this period. The circuits accomplish¬ 
ing this are shown in Figure 2. 

A conventional rectifier system fur¬ 
nishes the necessary d-c voltage; two 
voltage-regulator tubes in series keep the 
supply voltage constant. Previous to an 
actual measurement switch Si is opened, 
which prevents any possible current flow 
through P 3 and thus permits the adjust¬ 
ment of the plate current, as outlined 
above. S 2 is kept closed, of course, dur¬ 
ing this operation. Consider now the 
two control tubes V\ and V 2 . Resistance 
Ra is common to both plate circuits. If 
either one of these tubes is made suffi¬ 
ciently conducting, the current flow in this 
resistance will make point H negative 
with respect to point F, or, in other words, 
the voltage across the control tubes will 
be less than the voltage across R 2 . With 
switch Si closed, current will therefore 



Figure 1. Detail of capacitor charging circuit 


V 3 — 6 C 6 tube 

Ci—0.1 0.25-, 0.5-, 1.0-microfarad mica 

capacitor (depending upon desired range) 

Ri — 250-ohm 10-watt wire-wound resistor 
R 2 —5/000-ohm 10-watt wire-wound resistor 
Ri —150,000-ohm 1-watt carbon resistor 
Pi — 5/000-ohm wire-wound potential di¬ 
vider 

P 2 —1,000-ohm wire-wound potential di¬ 
vider 

M\ —0-1-milliampere d-c meter 
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flow from point F through Ra and the di¬ 
ode to point H. This provides the addi¬ 
tional bias voltage needed to cut off the 
current in the charging tube. If the cur¬ 
rent flow through R 4 is reduced to such a 
value that point H becomes positive with 
respect to point F , the current through R z 
ceases, since the diode prevents a reversal 
of current, and the charging tube passes 
the previously adjusted current. 

The contact to be investigated in series 
with a suitable load is connected across a 
d-c source with a polarity as shown in 
Figure 2 . A resistor R Wt acting similarly 
to a shunt, is included in the circuit. Its 
resistance should be such as to produce a 
voltage drop of at least 0.25 volt with the 
lowest value of load current. This volt¬ 
age drop furnishes a negative bias to one 
of the control tubes, whereas the second 
control tube receives a negative grid 
voltage when a voltage exists across the 
contacts. It is evident, therefore, that 
before the contact closes, Vi will be biased 
negatively, whereas V\ will have zero grid 
voltage (since no current flows in the 
shunt); Vi will consequently be conduct¬ 
ing, its plate current passing through R 4 ■ 
After the contact is established firmly, 
however, Vi will become nonconducting 
as a result of the bias produced in the 
shunt, whereas Vi will now become 
conducting. The inclusion of a dry cell 
in the grid circuit of this tube serves to 
overcome any possible effects caused by 
contact resistance. It is seen that during 
the period of arcing both control tubes 
will be biased negatively, 7i by the volt¬ 
age drop across the shunt and Vi by the 
arc voltage existing across the contacts. 
Current flow through RU is therefore re¬ 
duced or ceases entirely during the arcing 
period, which in turn permits current flow 
in the charging tube, as explained above. 
Since Si is opened just before a measure¬ 
ment is taken, a charge will accumulate 
on the capacitor. 

The remaining circuit element serves 
to measure the voltage across the capaci¬ 
tor. Any device for this purpose—unless 
a ballistic method were to be considered 
must draw no appreciable current for the 
measurement. An electrostatic volt¬ 
meter would be the ideal instrument, of 
course, but for the relatively low voltage 
to be measured this type of instrument is 
very delicate. Special tubes, called elec¬ 
trometer tubes, such as General Electric 
FP -54 are available, the. grid current of 
which is about 10"* 18 amperes, with a 
corresponding input resistance of about 
10 16 ohms. Since a charged capacitor 
will lose its voltage as a result of its own 
leakage resistance, however, it is obvious 
that not much is gained by employing an 
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Figure 2, Circuit diagram of instrument 

Vi—6F5 tube 
Vi —6F5 tube 
Vi— 6 C 6 tube 
Vi —38 tube 
Vs — 6H6 tube 

Q__0.1- y 0.25-, 0.5-/ 1.0-microfarad mica 
capacitor (depending upon desired range) 


—250-ohm 10-watt wire-wound resistor 
R 2 — 5 /000-ohm 10-watt wire-wound resistor 
/? 3 —150,000-ohm 1-watt carbon resistor 
R 4 —1 50,000-ohm 1-watt carbon resistor 
R b —100-ohm 0.5-watt carbon resistor 
ft_ 1 10,000 1-watt carbon resistor 
225,000 1-watt carbon resistor 
R s —One-megohm 1-watt carbon resistor 
R, —100-ohm 0.5-watt carbon resistor 
Riq —Shunt (see text) 

P L —5,000-obm wire-wound potential divider 
p 2 —1,000-ohm wire-wound potential di¬ 
vider 

Mi —0-1-milliampere d-c meter 
—0-200-microampere d-c meter 


instrument with an input resistance two 
or three powers of ten higher than the 
leakage resistance of the capacitor and its 
associated circuits. 

Of the common radio tubes, the type 38 
has a grid current of about 10“ 9 amperes 
when operated with a filament voltage of 
four volts and with about 30 volts on the 
screen and plate. This tube is used in the 
instrument forming one arm of a Wheat¬ 
stone bridge. The rate of change of 
capacitor voltage, caused by the com¬ 
bined action of leakage and grid current, 
is so low in the instrument that the drift 
of the meter does not exceed one scale 
division in three or four seconds, so that 
ample time for taking a reading is avail¬ 
able. 

Before a measurement is made, the 
bridge is balanced (that is, meter Mi is 
brought to zero) by adjustment of poten¬ 
tial divider P 2 , which furnishes grid 
voltage for F 4 . Switch S 2 is closed during 
this adjustment, of course. The meter 
Mi can once and for all be calibrated in 
terms of voltage across the capacitor by 
simply applying known voltages across it, 
keeping £2 open during this calibration. 
With the capacity of the capacitor known, 
the charging current adjusted to a known 


value, and the meter Mi calibrated in 
terms of capacitor voltage, all factors for 
the calculation of the duration of current 
flow are therefore known. Since the 
measuring circuit is highly degenerative, 
because of cathode resistor the indica¬ 
tions of the meter Mi are practically lin¬ 
ear with respect to the capacitor voltage. 
As a matter of interest, it may be stated 
that a capacitor voltage of approximately 
20 volts produces full-scale deflection on 
the 200 -microampere meter Mi. 

Since the action of the instrument de¬ 
pends on the negative bias applied to the 
two control tubes, the contact under 
observation can be tested only with direct 
current. At first sight this might be con¬ 
sidered as a serious limitation of the in¬ 
strument. The addition of relatively 
simple rectifying circuits, however, would 
make the use of the instrument on a-c 
circuits possible. This was not deemed 
necessary, or even desirable, for the fol¬ 
lowing reason: the performance of a con¬ 
tact in an a-c circuit will naturally depend 
on the exact instant of the a-c cycle when 
the contact opens or closes. Thus, a 
number of readings taken on the same 
contact will vary widely, unless care is 
taken to synchronize the contacts to a 
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particular instant of the cycle. If the 
test is made with direct current, the latter 
can be adjusted to any value, thus simu¬ 
lating any desired “instantaneous” value 
of alternating current. 

Figure 3 is a picture of the instrument. 
A tap switch not shown on the diagram is 
provided to insert various values of ca¬ 
pacitance, thus changing the time range 
of the instrument. These values are 1.0, 
0.5, 0.25, and 0.1 microfarad, and, with 
the charging current adjusted to one 
milliampere, full-scale deflection of the 
meter M 2 represents 20, 10, 5, and 2 milli¬ 
seconds respectively. These values can 
be increased or decreased, naturally, by 
further changes of capacitance or adjust¬ 
ment of the charging current to a dif¬ 
ferent value. 

The instrument has been used success¬ 
fully in the investigation of relays and 
contactors. The effect of changes made 
in the mechanical structure of the con¬ 
tactor and the effect of changes in the load 
can be studied quickly without having to 
wait for the development and measure¬ 
ment of films taken with an oscillograph. 
The instrument can also be used for pur¬ 
poses other than determining the arcing 
time of a contact. Thus, the operating 
time of relays or solenoids can be deter¬ 
mined by inclusion of contacts at the be¬ 
ginning and the end of the travel, furnish¬ 
ing suitable voltages to the terminals of 
the instrument in place of those produced 
by the shunt or the arc. The measure¬ 
ment of the hjR ratio of an inductive load 



Figure 3. Electronic time gauge 


can also be carried out with the aid of a 
relatively simple external circuit. 

A specific example of the use of this 
instrument and the benefits derived there¬ 
from is the recent investigation of the 
closing bounce of a 1,200-ampere three- 
pole a-c contactor. Observations of the 
bounce were made as each set of contacts 
closed a 100-ampere 115-volt d-c non- 
inductive circuit. The nominal voltage 
of the operating coil was 208 volts, but 
measurements were included at 195 and 
220 volts, so that the effect of voltage 
variations might be ascertained. 

Duration of bounce of the set of con¬ 
tacts behaving most poorly under the origi¬ 
nal adjustment of the contactor was 4.8, 
5.6, and 6.4 milliseconds with coil voltages 
of 195, 208, and 220 volts respectively. 

By increasing the initial contact pres¬ 
sures from the original value to a some¬ 
what higher one, the respective bouncing 
times were reduced to 2.8, 3.4, and 4.5 
milliseconds. 


After increasing the wear allowance of 
the two outside sets of contacts slightly, 
setting the middle movable contact ahead 
of the others by one-eighth inch, and clos¬ 
ing an orifice in the dashpot which allowed 
quick motion at the start of the armature 
stroke, the durations of bounce were 1.2, 
1.4, and 1.7 milliseconds, respectively. 

And, finally, after decreasing the clear¬ 
ance between the piston and cylinder of 
the dashpot assembly, the bounce dura¬ 
tions were found to be 0.3, 0.3, and 0.5 
millisecond. 

Within a few hours time, therefore, it 
was possible to observe the effect of sev¬ 
eral variables upon the action of the con¬ 
tactor and to reduce the duration of clos¬ 
ing bounce to about seven per cent of its 
original value. To accomplish this by 
means of an oscillograph would obviously 
have required a considerably greater ex¬ 
penditure of time and effort. 

In another case, it became necessary to 
reduce the time required for a small relay 
to interrupt a circuit. Observations 
were made thereupon of the duration of 
the opening arc both with and without 
blowout assemblies. The arcing time 
without a blowout, for example, was found 
to be 14 milliseconds, with a coil-type 
blowout 7.5 milliseconds, with a tool 
steel magnet blowout 2.6 milliseconds, 
and with an Alnico magnet 2.2 milli¬ 
seconds. The effectiveness of numerous 
magnet designs was thus readily observed, 
and an educated selection made of the 
most suitable one for the purpose. 
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Correlation of System Overvoltages 
and System-Grounding Impeda nee 

AIEE COMMITTEE ON PROTECTIVE DEVICES 

Working Group on Correlation of System-Grounding Impedance 


Synopsis: This report summarizes available 
data and engineering opinions on the subject 
of power-system overvoltages, particularly 
as to their correlation with system-ground¬ 
ing impedance. It is hoped that the report 
will be useful in connection with overvoltage 
problems for all types of power-system ap¬ 
paratus. 

T HE characteristics of power-system 
connections with •respect to ground 
have long been recognized as having an 
important bearing on many phases of 
system operation, including overvoltages 
between line conductors and ground. 1,2 
As early systems (which were of the un¬ 
grounded type) became extended, oper¬ 
ating experience became unsatisfactory 
because of the occurrence of multiple 
faults at the same or different locations 
resulting from an initial ground fault. 
Since troubles of this nature were fre¬ 
quently thought to be associated with 
arcing faults, such faults became broadly 
classified as “arcing grounds.” Difficul¬ 
ties thought to be attributable to this 
type of fault were one of the main factors 
leading to the general practice of ground¬ 
ing power systems. However, the cor¬ 
relation of system overvoltages with the 
various forms of grounding and the values 
of grounding impedances was so com¬ 
plicated that many years elapsed before 
much progress was achieved, and even 
now many conditions are incompletely 
classified. 

Causes of System Overvoltage 

In a study of system overvoltage phe¬ 
nomena and their correlation with system¬ 
grounding impedance, it is convenient 
to list the causes. Causes of system over¬ 
voltage (other than lightning) may be 
classified as follows: 

1. Conditions resulting in sustained over¬ 
voltage: 

(fl). Increase of operating voltage level. 
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( b ) . Generator overspeed. 

(g). Self excitation. 

2. Circuit unbalances: 

(a). Open phase or phases. 

(. b ). Unequal pole opening of breakers. 

(c) . Fuse blowing. 

3. Faults: 

(а) . Solid. 

(б) . Resistive. 

(c) . Arcing with forcing of current zero. 

0 d ). Arcing with restriking. 

(e). Distortion from saliency effects. 

4. Switching operations: 

(a) . Simple. 

(b) . Arcing with forcing of current zero. 
(g). Arcing with restriking. 

( d ) . N eutral inversion. 

5. Extraneous influence from other sources: 

(a) . Conduction, metallic cross or ground 
potential, from other power circuits. 

( b ) . Induction, magnetic or electric, from 
other power circuits. 

(c) . Electrostatic charging of ungrounded 
systems by wind-borne particles, such as 
sand or dust. 

Frequently overvoltages result from 
combinations of two or more of the fore¬ 
going factors. In order to define the 
various causes of system overvoltages, a 
brief discussion of each type of phenome¬ 
non is given. 

Conditions Resulting in Sustained 
Overvoltage 

On ordinary power systems overvolt¬ 
ages at fundamental frequency may be 
produced by: 

(a) . Increase of operating voltage level. 

( b ) . Generator overspeed from loss of load. 

( c) , Self excitation of machines. 

Five per cent tolerance for emergency 
operation is the maximum overvoltage 
above rated circuit voltage recognized 
by the joint committee on preferred volt¬ 
age ratings of the National Electrical 
Manufacturers’ Association and the Na¬ 
tional Electric Light Association. 3 Ap¬ 
plication procedures for standard rated 
apparatus are based on this maximum 
circuit voltage. Sustained overvoltages 
generally are, under normal conditions, 
of little importance in regard to voltage 
stress on apparatus and functioning of 


protective equipment, but they may be¬ 
come important during or following an 
abnormal condition, such as produced by 
a lightning discharge or fault to ground. 

It is believed that generator over speed¬ 
ing and loss of load as single factors with¬ 
out faults or unbalances will seldom give 
rise to dangerous overvoltages. How¬ 
ever, overspeeding may be a contributing 
factor, especially if it occurs during 
ground faults. The voltage amplitude is a 
function of governor characteristics and 
of means for controlling the excitation. 
With water-wheel generators without 
regulation of speed or excitation, the 
maximum voltage may be as high as 160 
to 180 per cent of normal under full-load 
rejection; whereas with machines under 
control of modern governors and genera¬ 
tor voltage regulators, the voltage will 
probably be limited to 120 to 140 per 
cent of normal. 

Self-excitation is an infrequent source 
of overvoltage on systems. It can occur, 
however, under abnormal circuit condi¬ 
tions which leave relatively small syn¬ 
chronous or induction machines con¬ 
nected to circuits with relatively large 
capacitance, supplied from lines or capaci¬ 
tors. The possibility of setting up the 
conditions for self-excitation should be 
considered in the various stages in the dis¬ 
connection of faulted circuits. 

Sustained overvoltages under unbal¬ 
anced load conditions may also be pro¬ 
duced by saliency effects in machines. 
Solid faults, other than balanced three- 
phase, sometimes cause the generation of 
dangerously high harmonic overvoltages 
in addition to increased fundamental- 
frequency voltages. These overvoltages 
are obtained when the system electrical 
constants and loads are of such propor¬ 
tions as to provide partial resonance to 
one of the lower harmonics. Magnitudes 
of overvoltage of this type depend not 
only on the type of unbalanced fault and 
the method of grounding but on other 
system constants as well. Such phenom¬ 
ena are most frequently encountered on 
systems with water-wheel generators 
without adequate damper windings, under 
conditions in which the machines are 
connected to unloaded or lightly loaded 
transmission lines with appreciable ca¬ 
pacitance and subjected to unbalanced 
faults. 

Circuit Unbalances 

On three-phase power systems the 
opening of one or more phase conductors 
will, under some circuit conditions, pro¬ 
duce large overvoltages between line 
conductors and ground. These voltages 
are normally observed on the part of the 
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system which is partially separated from 
the main power source, under conditions 
with circuit constants such as to provide 
approximate resonance at fundamental 
frequency for some path between line 
conductors and ground. In general, 
these voltages are encountered on iso¬ 
lated-neutral systems or on systems 
having relatively high impedance between 
phase conductors or between phase con¬ 
ductors and ground. These circuit unbal¬ 
ances may arise from open-phase opera¬ 
tions, such as occur as a result of con¬ 
ductor breaking, fuse blowing, or the 
opening of one or more breaker poles. 
Extreme conditions are produced with 
two synchronous systems which are out 
of step but are connected on one phase, 
the highest voltages being produced with 
both of the systems ungrounded and one 
of them subjected to a line-to-ground 
fault on either of the other two phases. 

Faults 

Faults cause the most frequently en¬ 
countered and usually the most impor¬ 
tant power-system overvoltages. When 
a balanced three-phase system is sub¬ 
jected to a single or double line-to-ground 
fault, overvoltages may be produced on 
the unfaulted phase or phases. The 
amount of overvoltage may readily be 
calculated if the system constants, in¬ 
cluding nonvariable fault resistances, are 
known. If the fault takes place through 
an arc, the overvoltages may be increased 
by two phenomena: 

1. The forcing of current zero. 

2. Restriking. 

Both of these phenomena are discussed at 
length subsequently. 

Switching Operations 

Transients resulting in overvoltages of 
important magnitudes are produced by 
simple circuit changes involving a single 
transition from “‘make*’ to “break” or 
vice versa, as may occur on the energizing 
or de-energizing of a line section. Circuit 
changes may produce unbalances and 
thus result in overvoltages resulting from 
both unbalances and circuit changes. 
When circuit changes take place through 
an arcing path, there is also the possibility 
of increasing system overvoltages through 
the action of “forcing current zero” or of 
restriking as mentioned previously in 
connection with arcing faults. Since 
switching operations can take place in 
many ways in opening or closing the 
several poles of the circuit breaker, and 
since many transients may be produced 
for each of these steps, many combina¬ 
tions are possible. Switching operations 


are normally encountered in combination 
with other factors including faults and 
circuit unbalances, so that such transient 
overvoltages are usually the result of a 
combination of several factors. 

Extraneous Influence 

Occasionally a circuit is subjected to 
voltages which are impressed by conduc¬ 
tion from metallic cross or ground-poten¬ 
tial effects or by electric or magnetic 
induction from an adjacent power circuit, 
usually of higher voltage and capacity. 
Electrostatic charging of conductors 
during sand, dust, and sometimes snow 
storms, occurs in some regions. These 
effects are readily studied in a particular 
case if this cause of overvoltage is rec¬ 
ognized. 

Correlation of Overvoltages With 
System-Grounding Impedance 

The various types of system over¬ 
voltages when appearing separately can 
be correlated with system-grounding im¬ 
pedance, except those that produce over¬ 
voltage under balanced conditions, such 
as emergency operating voltage, sudden 
loss of generator load, self-excitation of 
machines, and saliency effects (on line-to- 
line faults). However, in specific cases 
each of these types can be so correlated 
when the overvoltage occurs in combina¬ 
tion with a fault to ground or other un¬ 
balances with respect to ground. 

For correlation with system-grounding 
impedance, it is convenient to use a 
different classification from that just used 
for listing the causes of system over¬ 
voltage, basing the classification upon the 
type of transient phenomenon involved: 

1. Simple circuit changes: 

(a) . Ground faults. 

(b) . Switching operations. 

2. Complex circuit changes through arcing 
paths: 

(a) . Forcing current zero. 

( b ) . Restriking arcs. 

By a “simple circuit change” is meant 
a single circuit change that takes place 
with abrupt transition from “circuit 
open to “circuit closed” condition or 
from “circuit closed” to “circuit open” 
condition, the opening taking place at a 
normal current zero.” By a “complex 
circuit change” is meant one that takes 
place through an arcing path which intro¬ 
duces additional circuit voltage transients 
either by 

1. Forcing current zero. 

2. Re-establishment of a conducting path 
as with intermittent arcs. 


Complex circuit changes in general in¬ 
volve the superposition of a second tran¬ 
sient before the effect of the first transient 
has disappeared. 

Simple Circuit Changes 

Calculation of Fundamental-Frequency 

Overvoltage 

The simplest and most important, al¬ 
though not necessarily the most severe, 
types of system overvoltage produced on a 
power system oc^ur as the result of the 
application of a single or double line-to- 
ground fault on a normal balanced three- 
phase power system. Upon such an 
occurrence, the sound phases may rise to 
fundamental-frequency overvoltage with 
respect to ground as determined by the 
sequence impedance constants of the 
system. In addition, there is a transient 
term which, in simple systems without 
loss, is equal to the difference between the 
fundamental voltages before and after 
the application of the fault. The funda¬ 
mental-frequency components of over¬ 
voltage are of controlling importance in 
lightning-arrester applications, and the 
ratios of the fundamental-frequency volt¬ 
ages under fault condition to the normal 
voltages permit estimating the transient 
overvoltage magnitudes. 

The fundamental-frequency overvolt¬ 
ages that appear on a balanced three- 
phase system upon the application of a 
single or double line-to-ground fault are 
readily calculated for the point of fault 
by well-known methods based on sym¬ 
metrical components using the normal 
voltage before the fault and the sequence 
impedance constants of the system as 
viewed from the fault location, including 
Xq, Xi and X 2) and the fault resistance 
or resistances. 6 ' 8 ' 9 ' 11 Voltages at locations 
other than the point of fault will not as 
a rule appreciably exceed those at the 
point of fault, except possibly in case of 
a very long line, the far end of which 
has an isolated neutral. 

It has been found possible to compare 
the grounding characteristics of systems 
by expressing overvoltages to ground in 
terms of normal voltage (usually on a 
line-to-neutral voltage base) and by ex¬ 
pressing the zero-sequence resistance and 
reactance as ratios to the positive-se¬ 
quence reactance. 6 When this procedure 
is adopted, it is possible to group systems 
which give the same ratio of overvoltage, 
although the characteristics of the sys¬ 
tems may be radically different. In 
addition, it is sometimes desirable to give 
the ratio of the zero- to positive-sequence 
capacitive reactances. The effect of 
fault resistance is to increase the magni- 
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Fisure 1. Transient and sustained fundamental- 
frequency voltages on unfaulted phases during 
single line-to-ground faults on a three-phase 
system 

— Ri = 0 +jXi 

Zi = positive-sequence impedance 
Z 2 — negative-sequence impedance 
Ri = positive-sequence resistance 
Xi — positive-sequence reactance (subtransient) 
Xo = zero-sequence reactance 
Ci = positive-sequence capacitance 
Co = zero-sequence capacitance 
R f = fault resistance 
All viewed from the fault location 

Solid line curves—maximum sustained funda¬ 
mental-frequency voltage to ground on 
unfaulted phases with solid single line-to- 
ground fault. No fault resistance. Numbers 
on curves are Ro/X 1 ratios 

tude of overvoltage under some conditions 
and decrease it in others. 

Correlation With Different Forms of 
System Grounding 

The preceding discussion has shown the 
complexity of the problem of correlating 
overvoltages with system-grounding im¬ 
pedances. To avoid some of these diffi¬ 
culties it has been found expedient to 
consider five classes of system grounding 
as follows: 

(a) . Isolated neutral system. 

( b ) . Ground-fault neutralizer system. 

(c) , Reactance grounded system. 

(d) . Resistance grounded system. 

(e) . Solidly grounded system. 

(a). Isolated-Neutral System . For 
isolated-neutral systems of small capaci¬ 
tance to ground and small extent the 


Dash-dot-dot-dash curve—maximum sustained 
fundamental-frequency voltage to ground with 
the value of fault resistance which gives the 
maximum voltage to ground for any value of 
Ra/Xi. Curve plotted only on negative side, 
as fault resistance is not as important on the 
positive side, and additional curves would lead 
to confusion 

Dash-dot-dash curves—maximum transient volt¬ 
age to ground on unfaulted phases following 
sudden application of a single line-to-ground 
fault. R 0 /X 1 — O 

Dashed curves—maximum transient voltage to 
ground on unfaulted phases following sudden 
application of a single line-to-ground fault. 
Cj = Co* Numbers on curves are ratios of 
Ra/Xi, The dash-dot-dash curve for Ci = C 0 
is one of this family of curves for Rq/X i = 0 

maximum line-to-ground voltage for a 
single line-to-ground fault will be equal 
to the line-to-line voltage before the 
fault. As the capacitance to ground in¬ 
creases with increasing extent of the 
system, the maximum voltage to ground 
will rise above the normal line-to-line 
voltage and will reach very high values 
for systems with the ratio of X Q /Xi in 
the vicinity of —2. This condition cor¬ 
responds to approximate resonance in a 
circuit consisting of the positive- and 
negative-sequence reactances and the 
zero-sequence capacitive reactance, all in 
series. For a double line-to-ground fault 
the voltages on the sound phase will in 
general be less than for a single line-to- 
ground fault except for the range of 
Xq/Xi between —2 and 0. In this range 
there is the possibility of resonance in a 
circuit consisting of the positive-sequence 
reactance in series with the negative- 
sequence and zero-sequence capacitive 


reactances in parallel. In considering 
the magnitude of the system overvoltages, 
it is, of course, essential to consider all 
circuit conditions and fault locations. 23 
Usually the highest overvoltages are 
encountered on some abnormal condition 
which leaves a small amount of generating 
capacity connected to a system of large 
extent. Practical curves 8 * 11 for the esti¬ 
mation of the magnitude of overvoltages 
on isolated-neutral systems subjected 
to ground faults are available for zero and 
unit ratios of line resistance to X x . 

( b ). Ground-Fault Neutralizer System. 
The voltage from a sound phase to ground 
on a ground-fault neutralizer system will 
rise to the normal line-to-line voltage in 
the event of a single line-to-ground fault. 
For double line-to-ground faults the 
voltages from the sound phase to ground 
will be less than for a single line-to-ground 
fault. If the ground-fault neutralizer 
system is out of tune, there will be some 
increase in the voltage to ground on the 
sound phase, depending upon the con¬ 
stants of the system and the departure 
from the tuned condition. 

(c, d, e ). Impedance-Grounded Systems. 
When power systems are grounded, the 
layouts are normally made to provide a 
ground-fault current which is greater 
than the zero-sequence charging current 
for normal line-to-neutral voltage on the 
zero-sequence network. This, of course, 
is done to provide sufficient current to 
secure positive relay action on ground 
faults, which is one of the principal ad¬ 
vantages of the grounded-neutral system. 
When power systems are laid out in this 
manner, the systems generally have posi¬ 
tive or inductive reactance from line to 
ground in the zero-sequence network 
when viewed from the fault location. 
This is in contrast to the negative or 
capacitive reactance in the zero-sequence 
network for the isolated-neutral system. 
For all impedance-grounded systems, 
including resistance, reactance, and 
solidly grounded systems, it is practical 
to estimate the overvoltages from sets 
of curves 0,8 * 9 * 11 which give the maximum 
line-to-ground voltage for various ratios 
of RffXi and X^/Xi for single and 
double line-to-ground faults. 

When fault resistances are of an appre¬ 
ciable magnitude, their effect on the over¬ 
voltages must be taken into account. 24 
Fault resistance will in some cases in¬ 
crease and in other cases decrease the 
maximum line-to-ground voltages at 
fundamental frequency. Curves 8 ' 11 are 
available which take into account the 
overvoltages which are plotted on the 
basis of the value of fault resistance giving 
the highest overvoltage. When fault re- 
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sistances are of important magnitude, it 
is necessary to select the points between 
which the overvoltages are to be con¬ 
sidered. If tower-footing resistance or 
ground resistance at the point of fault is 
high, it may be necessary to distinguish 
between the voltages from unfaulted to 
faulted conductor and from unfaulted 
conductor to ground. Thus, for pro¬ 
tector tubes, the important overvoltage 
during fault may differ from the im¬ 
portant overvoltage for an arrester appli¬ 
cation, because in one case the fault is 
to the protective apparatus ground and in 
the other case it may not be. 

Sometimes it is desirable to obtain only 
an indication of a ground on a' system. 
For this purpose, a potential transformer 
may be connected between an available 
neutral point and ground, or three trans¬ 
formers may be connected in wye with 
the neutral point grounded, the second¬ 
aries being connected in wye or broken 
delta. The latter connection is some¬ 
times also used for metering or relaying. 
Either method would fall in the class of 
high reactance grounding. In addition 
the latter method leads to the possibility 
of another type of overvoltage known as 
“neutral inversion," unless suitable means 
for stabilizing are employed. 26 

Transient Overvoltages on Simple 

Circuit Changes 

The application of a ground fault to 
a normally balanced three-phase power 
system gives rise to changes in the funda¬ 
mental-frequency voltage as discussed in 
the preceding section. In addition, there 
is a transient voltage produced by the 
circuit change which is frequently taken 
as the difference between the initial and 
final fundamental voltage. This con¬ 
ception is accurate for a simple circuit 
without loss. The overvoltages will, in 
general, be less than these values because 
of decrement and because of the resolu¬ 
tion into oscillating components of differ¬ 
ent frequencies. However, if the change 
in fundamental-frequency voltage is 
known, the natural-frequency overvolt¬ 
age superposed on the fundamental fre¬ 
quency can be estimated, thus providing 
a method of evaluation sufficient for most 
practical cases. 

Ground Faults on Unbalanced Systems 

If a power system is unbalanced with 
respect to ground, because of either 
series impedances or shunt admittances, 
there will be a tendency to increase the 
voltages on some phases and to decrease 
them on others. If these unbalances oc¬ 
cur at the same time as ground faults, the 
voltages to ground may be importantly 


increased. 7 These double unbalances 
frequently arise as the result of a ground 
fault, such as may be produced by 

1. A conductor breaking with grounding of 
the broken conductor. 

2. Fuse blowing. 

3. The opening of one breaker pole ahead 
of the others. 

Such conditions may produce very high 
voltages to ground under conditions 
which would give relatively low voltages 
if the open-phase condition did not exist 
at the time of a ground fault. Sometimes 
the system provides a parallel resonant 
path from the conductors of other than 
the open phase through the shunting 
paths to the open conductor beyond the 
phase break to ground. Under these con¬ 
ditions excessively high voltages may be 
produced by resonance action at funda¬ 
mental frequency. Each of these cases 
must be investigated individually, and 
it is not practical to set up general curves 
for the determination of the magnitude 
of system overvoltages that occur under 
these double unbalances. The calcula¬ 
tion of the overvoltage for a particular 
case of double unbalance can be carried 
out by the use of the method of sym¬ 
metrical components, using one of the 
equivalent networks for simulating the 
double unbalances. 

Complex Circuit Changes 

Through Arcing Paths 

Circuit changes through arcing paths 
may give rise to system overvoltages, 
either as a result of 

1. Forcing current zero. 

2. Restriking through the previously con¬ 
ducting path. 

These phenomena give rise to additional 
transients, because of the variable re¬ 
sistance which is characteristic of the arc, 
and thus introduce additional complica¬ 
tions in overvoltage calculations. 

Forcing Current Zero 

If an arcing path is rapidly deionized, 
there may be “forcing of current 
zero" 12 ' 25 by which is meant a more rapid 
change of current than would occur in 
the circuit if certain characteristics of the 
arc were not present. This action pro¬ 
duces transient voltages which increase 
those produced by the circuit change it¬ 
self. If current is flowing through the 
inductive elements of the circuit at the 
time an arc is suppressed, there is a 
tendency , for the current to continue, 
completing the circuit through shunt 
capacitances, thus greatly increasing the 
voltages across them. 



Figure 2. Line-to-ground sustained voltage 
chart for grounded systems, in the region, of 
small Xo/Xi and R 0 /X\ 

Figures on curves are times normal line-to- 
neutral voltage. In parentheses are given 
times line-to-line voltage for two significant 
values. Curves are for X 2 = Xi and Ri = R 2 = Q 

The rate of increase of voltage and the 
magnitude reached depend upon the cur¬ 
rent at the time of sudden interruption, 
the inductance and capacitance of the 
circuit elements, and the dielectric 
strength that can be established. Such 
voltages can be calculated for simple 
circuits from the stored energy relation 
LP = CE 2 , using for / the value of cur¬ 
rent at the instant of sudden interrup¬ 
tion. If considerable current is flowing 
and the inductance is relatively high, 
the transient overvoltage produced by 
forcing the current zero will be very large 
if the shunt capacitance is small. From a 
practical point of view, the overvoltage 
which may be impressed on a circuit as a 
result of forcing of current zero is usually 
limited in an arcing path because of its 
dielectric characteristics. The arcing 
path cannot instantly change from (1) 
low resistance corresponding to heavy 7 
current flow to (2) high dielectric strength 
at a very short time after the suppression 
of current flow. If restriking takes place, 
transient overvoltages may be built up or 
limited as discussed subsequently under 
the subject of "restriking”. 

Arcing paths in air over insulator 
strings and apparatus bushings rarely 
result in important overvoltages as a 
result of the forcing of current zero. 
However, forcing of current zero may 
take place in circuit breakers of either the 
air or oil type because of the means used 
to deionize the arc path rapidly. Failure 
of solid types of insulation may force 
current zero because of the high pressure 
built up in the fault path. In this con¬ 
nection it is, of course, pertinent to re- 
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Tabic I. Comparison of Various Methods of Pow r-System Grounding 


Isolated Neutral Ground-Fault Neutralizer Reactance Grounded* Resistance Grounded 


Solidly Grounded 
f Xo Ro . . 

(x7< 3 ‘° and ^ <1- 

by Definition') 


1. Overvoltage. Highest.. Satisfactory 


2. Ground-fault current. Very low. Negligible, 


3. Relaying 


4. Protective level 


Difficult in ) 
most cases ) 


'Transitory line-to-^ 
ground faults are I 
self-clearing. Re- > 
laying of other i 
faults is satisfactory/ 


Highest 


(Same as for 
l lated neutral 


* Exclusive of systems that can be classified as solidly grounded. 
** Applications in the higher range may require special study. 


I Satisfactory (Opinions 
range for generator bus 
from 3 to 10 and for 
transmission system 
from 3 to 40 for 
AV.YO** 


{ Good if neutral re-^ 
sistance does not f 
exceed ground > • • • 
fault neutralizer l 
ohms J 


Limited 


Low 


Good 


(Good for low 
J values and satis- 
J factory for high 
f values 


Same as for isolated 
neutral or better 


! Same as for iso¬ 
lated neutral or 
better 



Lowest 


{ Highest, but seldom ap¬ 
preciably larger than the 
3-phase short circuit cur¬ 
rent, Limit is 150 per 
cent of 3-phase value 


Good 


Lowest 


member that, when pressure has been 
dissipated in this fault path, the di¬ 
electric strength is reduced below its 
normal value. 

The interruption of current in a circuit 
breaker in forcing current zero is con¬ 
veniently analyzed in terms of extinction 
voltage. 14 ’ 17 By extinction voltage is 
meant the voltage that appears across a 
circuit breaker at the end of the last half- 
cycle of current flow; it includes the in¬ 
creases in arc voltage and the increases 
resulting from diversion of current to 
shunting paths. Extinction voltages are 
usually relatively low but may approach 
the normal circuit voltage. The effect of 
the extinction voltage is to increase the 
magnitude of the transient overvoltage 
by an amount that is approximately equal 
to the extinction voltage itself. 

Restriking Arcs 

When current flows through any arcing 
path in a power system, there is a tend¬ 
ency for the arc to go out at every cur¬ 
rent zero and to restrike immediately or 
within a slight interval after normal 
current zero. In some cases the current is 
interrupted at current zero, and there is a 
definite “current pause” before curreirt 
flow is re-established following a restrike 
through the arc path. This interval may 
be in microseconds or may last for a half- 
cycle of the fundamental frequency of the 
circuit or longer before restriking takes 
place. 

Re-establishment of arc voltage across 
an arc path is controlled by the char¬ 
acteristic of system recovery voltage that 
is impressed across the arc path and tends 
to cause dielectric breakdown and the 
dielectric recovery characteristic of the 
arc path. If the dielectric recovery 


strength is at all times greater than the 
transient recovery voltage, then restrike 
will not take place. The magnitude of 
the resultant transient overvoltage is, 
therefore, greatly afFected by those sys¬ 
tem characteristics that control the shape 
of the transient recovery voltage-time 
curve of the system and by the dielectric 
voltage-time curve of the arc path. If 
the arc path is of certain characteristics, 
restriking will take place at substantially 
the same potential under all conditions. 
Under other system transient recovery 
voltage and dielectric recovery character¬ 
istics, breakdown may occur under con¬ 
ditions for the arcs to produce cumula¬ 
tive oscillations 12 ’ 13 resulting in high 
voltage across the arcing path. 

Analysis by Means of 
Miniature-System Setups 

The preceding discussion has shown 
the difficulty of analyzing the effects of 
arcs in increasing transient voltages as a 
result of either forcing of current zero or 
as a result of restriking. In fact, the only 
practical method 10,18,19 available for the 
laboratory study of such problems is by 
the use of a miniature power system which 
is set up to simulate the actual system 
and which is subjected to corresponding 
circuit changes. In this method the 
various circuit elements are set up to have 
the corresponding positive-, negative-, 
and zero-sequence series impedances and 
shunt admittances'. Distributed circuit 
elements, such as a transmission line, are 
simulated by equivalent circuits of 
lumped or semidistributed constants. 
The characteristic of the arc path can be 
simulated, or the arc path, can be re¬ 
established as determined by the assumed 


dielectric characteristic of the breaker, 
or, as is more frequently done, the arc 
can be re-established at the point on the 
system voltage wave which would result 
in the highest transient disturbances. 
Several restrikes are possible under some 
conditions. However, practically all of 
the voltage studies to date have assumed 
that the probable maximum overvoltage 
would be obtained as a result of two re¬ 
strikes occurring at such intervals as to 
produce the greatest possible rate of in¬ 
crease in system overvoltage. In the 
operation of a circuit breaker many re¬ 
strikes may occur in the process of open¬ 
ing. In this connection it is to be pointed 
out that unless the magnitude and time 
of the dielectric recovery voltage curve 
have just the right values to cause break¬ 
down by system recovery voltage, the 
restrikes will not occur at such intervals 
as to produce maximum cumulative ac¬ 
tion. Frequently the transient over¬ 
voltages, which cannot be avoided on the 
energizing of a circuit, are comparable 
to the voltages produced on opening a 
circuit with many restrikes. 

System overvoltages as a result of 
arcing faults to ground or arcs through 
switching equipment in the process of 
opening or closing the circuit are affected 
by the method of system grounding and 
the magnitude of the grounding im¬ 
pedance, because these voltages are con¬ 
trolled by the magnitude of the sequence- 
impedance constants to ground and their 
relation to the normal circuit impedance. 

Miniature-system setups have been 
used for the study of transients on systems 
grounded in different ways. Me,1B These 
investigations of the transient over¬ 
voltages for single or double line-to-ground 
faults or switching operations on ground- 
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faulted systems show that the solidly 
grounded system is the best, and the 
isolated system is the worst. In addition, 
the investigations of ground-fault neutra¬ 
lizer systems show that 

1. For arcing faults to ground that are 
cleared without switching, the transient 
overvoltages are very low. 

2. For switching a grounded line, the tran¬ 
sient voltages are comparable to those of 
an isolated-neutral system. * 

For ground faults on reactance- 
grounded systems, the range of transient 
voltages has two minimum values cor¬ 
responding to the solidly grounded sys¬ 
tem and to the ground-fault neutralizer 
system, and two maximum values, one 
corresponding to the isolated-neutral 
system and the other corresponding to a 
reactance intermediate between zero for 
the solidly grounded system and the 
ground-fault neutralizer value. With 
resistance-grounded systems of low ohmic 
value, the transient voltages approach 
those of the solidly grounded system, and 
with high ohmic values (higher than 
ground-fault neutralizer values), the 
voltages approach those corresponding 
to the isolated-neutral system. 

Summary 

The foregoing discussion of system 
overvoltages indicates broadly the scope 
and complexity of the problem. In this 
section of the report an attempt will be 
made to present as concisely as possible 
the relationship between system over¬ 
voltages and the method of neutral 
grounding. 

In the preceding classification of the 
causes of system overvoltage (see section 
on causes of system overvoltage) items 
la, 5, and c deal with phenomena which 
are independent of the method of system 
grounding. 

Items 2a, b, and c do not lend them¬ 
selves to a generalized relationship with 
neutral-grounding impedances. How¬ 
ever, it can be said that the isolated- 
neutral system is likely to give more 
trouble from this source than any other 
type of system. 

The overvoltage most frequently en¬ 
countered in power system operation is 
that which occurs as a consequence of a 
fault to ground (items 3 a and b). These 
overvoltages are definitely related to 
the amount of grounding impedance as 
indicated in Figure 1, The curves of 
this figure are based on the sequence 
series reactances X h X 2) X 0 , the zero- 
sequence resistance Rq, the sequence 

* This of course does uot apply when the ground- 
fault neutralizer is short-circuited before switching 
is done. 


shunt capacitances C h C 2 , C 0 , and the 
values of fault resistance R f , all viewed 
from the point of fault. The values of 
negative-sequence reactance and shunt 
capacitance are taken, in line with con¬ 
ventional practice, as equal to the corre¬ 
sponding positive-sequence quantities, 
although slightly higher values of voltage 
would be obtained if X 2 were greater than 
X\. The solid curves of Figure 1 show 
the sustained fundamental-frequency volt¬ 
ages (neglecting decrement in machine 
fluxes) that appear from line to ground for 
a single line-to-ground fault. These 
curves are important mainly, because 
they are the basis for determining ar¬ 
rester ratings required for a particular 
system. A double line-to-ground fault 
need not be considered generally in the 
practical range of system constants, 
since voltages to ground are less than for 
a line-to-ground fault except as indicated 
in the discussion of the curves of Figure 
2. If Xq/Xi is small and positive, sus¬ 
tained overvoltages resulting from faults 
are low when R 0 /X i is also low. 

The region in which X 0 /Xi and R 0 /X i 
are both small is of considerable im¬ 
portance. This region has been plotted 
in Figure 2 in a different way 11 for the 
purpose of showing more clearly the effect 
of zero-sequence impedance upon the 
maximum sustained voltages to ground 
for any type of fault and for any value of 
fault resistance (in Figure 1 fault resist¬ 
ance was neglected for positive values 
of Xq/Xi). These curves are for X 2 =Xi 
and Ri = R 2 ~0. They show the maxi¬ 
mum zero-sequence impedance ratios 
Rq/X\ and Xq/Xi for which a definite 
voltage will not be exceeded between any 
phase and ground. 

The curves of Figure 2 are irregular, be¬ 
cause they are composed of parts that 
represent limiting voltages on different 
phases or for different types of faults. 
Thus, assuming counterclockwise rota¬ 
tion in a, b , c order, the principal parts 
of the curves are arcs of circles corre¬ 
sponding to the voltage on phase c for a 
single line-to-ground fault on phase a 
with zero fault resistance. For parts of 
the 1.25 and 1.40 curves near the R 0 /X\ 
axis, the effect of introducing fault re¬ 
sistance is to increase the voltage on 
phase c. For the 1.25 and 1.4 curves the 
portions between the Xq/Xi axis and the 
points of abrupt change in the curves are 
determined by the voltage on phase b, 
for a single line-to-ground fault on phase 
a with the fault resistance such as to give 
maximum voltage. Part of the 1.25 
curve near the Xq/X x axis is determined 
by the voltage on phase a for a double 
line-to-ground fault on phases b and c. 


With reference to Figure 1 again, it is 
evident that sustained overvoltages can 
be very high if the ratio X 0 /X i is in the 
vicinity of —2. However, this is of little 
practical significance, since systems would 
not normally operate with such con¬ 
stants. Most systems normally operated 
with isolated neutral {Xq/X x negative) 
would have a negative value of X 0 /Xi 
greater than 40. Consequently the re¬ 
gion of highest voltages would not be of 
importance except possibly during a 
system disturbance in the course of which 
a large portion of generating capacity is 
lost, or the major neutral grounding 
points are separated from the system as a 
result of switching. 

Isolated neutral systems have nega¬ 
tive values of the ratio X 0 /X 1 which 
usually are in the range between — 40 and 
minus infinity. From Figure 1 it will be 
seen that for a ground fault the funda¬ 
mental-frequency sustained voltage from 
line to ground equals 1.73 times line-to- 
ground voltage for the ratio of X 0 /X x 
equal to minus infinity, and, that as the 
ratio is decreased to —40, the voltage in¬ 
creases to about five per cent above this 
value. For ground faults on isolated- 
neutral systems the effect of fault 
resistance (item 3 b in the previous classi¬ 
fication) causes further increase in the 
voltages to ground. The maximum sus¬ 
tained voltages to ground for any value 
of fault resistance are given in Figure 1 by 
the curve made up of long dashes sepa¬ 
rated by two short ones. In the applica¬ 
tion of protective devices, such as light¬ 
ning arresters, this circumstance theo¬ 
retically requires the use of devices with 
ratings higher than the emergency-rated 
voltage of the system. For some isolated- 
neutral systems this procedure is neces¬ 
sary. However, there exists considerable 
experience on many isolated-neutral sys¬ 
tems with lightning arresters of ratings 
equivalent to the emergency-rated cir¬ 
cuit voltage. The damage to the arrester 
resulting from this practice has usually 
been negligible, and it is probably more 
economical to take the risk of an occa¬ 
sional lightning-arrester failure from this 
cause than to apply arresters of higher 
rating. 10 * 11 

When a fault suddenly occurs on one 
phase of a system, a transient voltage 
occurs on the other phases. The maxi¬ 
mum transient voltage depends on the 
ratio of Ci/ Cq } system configuration, the 
amount of reactance in the circuit 
( Xo/Xi ), the amount of resistance in the 
circuit (i?o/^i), and the instant at which 
the fault occurs relative to the voltage 
wave, a particular instant being required 
to give the maximum disturbance. The 
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•effects of these factors are indicated in 
Figure 1, and from them an estimate can 
be made of the maximum transient volt¬ 
age that can be obtained for most system 
operating conditions. The curves in 
Figure 1 made up of long dashes separated 
by one short dash are for Rq/Xi = 0. In 
particular, it should be noted that as Co 
increases relative to Ci, the maximum 
transient voltage increases. In most 
•cases Ci will be greater than Co, however. 

Zero-sequence resistance (R a /Xi) is 
■seen to be helpful in reducing these tran¬ 
sient oscillations. Curves for Ci= Co and 
for various ratios of Rq/Xi are shown as 
a series of short dashes in Figure 1. 
While no curves are shown for values of 
Ro/Xi other than zero for positive values 
■of Xq/Xi, any resistance will tend to re¬ 
duce the overvoltage from the maximum 
values shown for R 0 /Xi = 0. 

Items 3c, d , and e do not lend them¬ 
selves to generalized summarizing, such as 
shown by the curves for items 3a and &. 
Any of these items may be present to a 
-certain degree and may in some cases 
add considerably to the amount of over¬ 
voltage shown by the curves of Figures 
1 and 2. 

Switching operations collectively (item 
4) cannot be related definitely to system¬ 
grounding impedances. The isolated- 
neutral system on the one extreme is sub¬ 
ject to the highest switching surges, while 
the solidly grounded system on the other 
extreme is subject to the lowest switching 
surges, generally speaking. Studies of 
particular systems and particular switch¬ 
ing operations have been made, and these 
are helpful in pointing to circuit condi¬ 
tions and methods of grounding to be 
avoided. Certain values of neutral 
grounding reactance have been shown to 
give rise to high transient voltages during 
switching. 16 " 19 Relatively high values 
of neutral grounding resistance are per¬ 
missible without encountering dangerous 
overvoltages. 17 ' 19 In cases for which the 
published results are not sufficiently 
indicative, it is recommended that' fur¬ 
ther detailed studies be made. In many 
cases, the probability of occurrence may 
be small, although the possibility of get¬ 
ting destructive voltages of the types 
classified earlier in this report may 
actually exist. 

Of the influences listed under item 5, 
only “(c). Electrostatic charging of 
ungrounded systems by wind-borne parti¬ 
cles, ...” is recognized generally as a func¬ 
tion of grounding impedance. Cases in 
which conduction or induction is a recog¬ 
nized cause should be studied individu¬ 
ally. 

It should be evident that it is not 


possible to specify any specific number of 
ohms of resistance or reactance as being 
adequate for grounding and for eliminat¬ 
ing the possibility of all overvoltages, 
since the magnitude and arrangement of 
other system constants is directly in¬ 
volved. However, it is possible to limit 
the overvoltages and thus protect appara¬ 
tus by means of lightning arresters. 
Arresters respond to voltage and make no 
distinction as to whether the cause is 
lightning or a switching operation. In 
any case, a voltage protective level is 
held. In the case of a sufficiently low 
grounding impedance, permitting the use 
of grounded neutral rating arresters, this 
protective level is substantially lower 
than for higher grounding impedance 
requiring the ungrounded rating arrester. 
Consequently there is a gain, from the 
standpoint of lowering the protective 
level, in selecting grounding impedances 
of low ohmic value. However other 
considerations, such as limitation of 
short-circuit currents for power-system 
operating reasons or for inductive co¬ 
ordination, may prevent taking full ad¬ 
vantage of this possibility. 

It should be emphasized that the num¬ 
ber of grounding points is of importance 
also, since during a system disturbance it 
is undesirable to have any part of the 
system with connected generation to be 
left without a neutral ground. While in 
the limit, this would mean that every 
source of short-circuit current should have 
a neutral ground, practical and economic 
considerations may dictate a somewhat 
smaller number of grounding points. 

Engineering opinions, as to the choice 
of resistance or reactance grounding and 
the proper ohmic value, have not crystal¬ 
lized. This situation results from the 
complexity of the problem, the intangi¬ 
bility of many factors involved, the range 
of conditions encountered, and the results 
to be achieved. However, it is pertinent 
in connection with this discussion to con¬ 
sider the effect of such factors in the 
grounding problem as relative dielectric 
strength of apparatus, current limitation 
requirements, relaying requirements, and 
lightning-arrester settings, since they 
affect the kind and magnitude of ground¬ 
ing impedances. 

Many engineers prefer to ground 
directly all available neutral points, intro¬ 
ducing neutral reactance where neces¬ 
sary to avoid increasing machine stresses 
and breaker ratings on ground faults 
beyond the values corresponding to three- 
phase short-circuit currents. This pro¬ 
cedure comes within the classification of 
solidly grounded systems with Xq/Xi <3. 
Other engineers prefer to introduce 


greater limitation of fault current, which 
is generally accomplished by neutral re¬ 
sistors. The problems are different for 
grounding transmission systems through 
transformers than for grounding generator 
busses because of the relatively lower 
dielectric strength of rotating machines. 
In general, the transient overvoltages 
with resistance grounding are more favor¬ 
able than with moderate values of re¬ 
actance grounding, and the maximum 
value of resistance which may be used is 
generally considered to be that which 
corresponds to the tuned reactance value 
of the ground-fault neutralizer. The 
maximum permissible value of reactance 
grounding is cofisiderably more specula¬ 
tive, and discussions have not reached a 
conclusion. The permissible value of the 
ratio Xq/Xi is affected by the extinction 
voltage, the sequence series reactance and 
sequence shunt capacitance constants of 
the system, since they affect the condi¬ 
tions for which a high-frequency current 
zero may be obtained and thus control 
the conditions for restriking. Engineer¬ 
ing opinion on the maximum permissible 
value of Xq/Xi ranges from 3 to 10 for 
generator grounding. For grounding 
transmission systems, higher ratios of 
Xq/Xi have been considered, ranging 
from 10 to 40, the highest values having 
been considered for grounding trans¬ 
formers applied to transmission circuits 
with aerial lines. Applications in this 
range however may require special study. 
Sometimes resistors in parallel with neu¬ 
tral reactors have been used, with the 
reactor to limit ground current and the 
resistor to limit transient voltages. 

Table I lists in a very general way the 
advantages and disadvantages of various 
methods of system grounding. 

Classification of Power Systems With 
Respect to Method of Grounding 

The preceding discussion has shown 
that, from the standpoint of overvoltages 
at least, the various methods of grounding 
power systems may be classified according 
to ground connections and sequence im¬ 
pedance constants* as follows: 

1. An isolated-neutral ( ungrounded ) system 
is a system without an intentional connec¬ 
tion to ground. Isolated-neutral systems 
may be subjected to various overvoltages, 
depending upon the ratio of Xq/Xi as viewed 
from the fault location.** 


* Ro, Xo, and Xi are, respectively, the zero-sequence 
resistance, the zero-sequence reactance taken as 
positive if inductive and negative if capacitive, 
and positive-sequence subtransient reactance. All 
these impedances are those of the system as viewed 
from the fault location. 

** A system grounded through potential trans¬ 
formers is not an isolated-neutral but a reactance- 
grounded system, according to this classification. 
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2. A grounded system is a system in which 
at least one conductor or point (usually the 
middle wire or neutral point of transformer 
or generator windings) is intentionally 
grounded, either solidly or through im¬ 
pedance. Grounded systems may be sub¬ 
jected to various overvoltages, depending 
upon the ratios of Xq/X\ and Ro/Xi as 
viewed from the fault location. 

3. A solidly grounded system or portion of a 
system is a system or specified portion thereof 
that has for all fault locations zero- to posi¬ 
tive-sequence ratios of X 0 /Xi<3 and Rq/X i 
< 1 for any condition of operation and 
amount of connected generator CapaC- 

ltyS, 10,11,20 

4. A resistance-grounded system is a system 
grounded through an impedance, the prin¬ 
cipal element of which is resistance. 

5. A reactance-grounded system is a system 
grounded through an impedance, the prin¬ 
cipal element of which is reactance. 

6. A ground-fault neutralizer system is a 
system grounded by means of a grounding 
device which provides an inductive reac¬ 
tive component of current in a ground fault 
that is substantially equal to, and therefore 
neutralizes, the rated frequency capacitive 
component of the ground-fault current. 
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Equivalent Circuits for Oscillating 
Systems and the Riemann-Christoffel 
Curvature Tensor 
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Synopsis: Many electromechanical systems 
that are being studied in connection with the 
war effort have so many degrees of freedom 
that it is totally impractical to analyze their 
performance by direct calculation. It is, 
therefore, increasingly important to develop 
equivalent circuits for these multiple oscil¬ 
lating systems, that can be put on the a-c 
calculating board and so solved by direct 
reading of instruments. 

In this paper it is shown that a necessary 
(though not sufficient) condition for the 
existence of a physical model, corresponding 
to a given set of equations, is that the set 
should be a tensor equation. This follows 
from the fact that only quantities that are 
tensors can be measured by instruments. 
The conclusion is therefore reached that only 
equations that are in tensor form can be set 
up on the a-c calculating board. 

The principle is illustrated by setting up 
equivalent circuits with the aid of tensorial 
hunting equations for the determination of 
the steady-state, hunting, and self-excita¬ 
tion performance of two interconnected 
instrument-Selsyns, of two salient-pole syn¬ 
chronous machines, and of a capacitor-com¬ 
pensated transmission line connected to a 
9alient-pole synchronous machine. A com¬ 
panion paper, "Self-Excited Oscillations 
of Capacitor-Compensated Long-Distance 
Transmission Systems" 12 contains the results 
of an extended study made on the a-c net¬ 
work analyzer with the aid of one of the 
equivalent circuits developed here. 

Difficulties in Establishing 
Equivalent Circuits for Hunting 

I N trying to set up equivalent stationary 
networks for the hunting performance 
calculation of interconnected systems, it 
was found to be impossible to establish 
networks that correspond to the equations 
of the systems, even though the latter were 
sets of linear algebraic equations of the 
form e~Z i. All known methods of 
tranformation of reference frames or of 
variables led to expressions that could 
not be measured by instruments. 

The apparently insurmountable diffi¬ 
culties were finally overcome by the fol¬ 
lowing reasoning: 

The equations of small oscillation under 
consideration were the standard Lagran- 
gean equations of motion, in which x a „ 
was replaced by x a + Ax a as is the uni¬ 
versal custom. It is however well known 


that, while the Lagrangean equations are 
tensor equations, the equations of small 
oscillations, derived from the former by 
standard methods, are no longer tensor 
equations. Since a tensor is a measurable 
physical entity, it seems plausible that 
the standard equations of hunting do not 
show correctly the physics of the prob¬ 
lem—even though they do give correct 
numerical answers—nor do they express 
the hunting phenomena in terms of meas¬ 
urable quantities. Hence, no physical 
model corresponding to a set of non¬ 
tensor equations may exist. 

The tensorial form of the equations of 
small oscillations of electrical machinery 
already has been established 8 . These 
tensor equations differ from the standard 
equations by having certain terms added 
to and subtracted from the latter. In other 
words, if the standard hunting equations 
are expressed as 

A+B = 0 

(where none of the sets of expressions 
A or B nor the combination A+2J are 
tensors), the tensorial hunting equations 
may be expressed as 

A -\-B-\- C — C= 0 

where C represents a set of expressions, 
that otherwise would cancel. 

Now while neither A nor C are tensors, 
the combination A+C is a tensor, so is 
the combination B—C. Hence each ex¬ 
pression in the equation 

(A+C) + (2? — C) — 0 

is a tensor. Therefore A+C must be a 
measurable quantity and so must B—C. 

If the reasoning is valid then this last 
equation and not the simplified equation 
must be the proper physical form, that 
admits an equivalent circuit. If C is 
cancelled, then the resultant equation 
still would give correct numerical an¬ 
swers, though it would represent an in¬ 
complete physical picture, hence a phy¬ 
sically unrealizable equivalent circuit. 

This reasoning proved to be correct in 
every detail. When the additional terms 
C were calculated, the equivalent circuit 


of the oscillating system followed im¬ 
mediately and in a perfectly straight¬ 
forward manner. 

In machines for which the standard 
hunting equations did give an equivalent 
circuit outright, the terms A and B each 
were already tensors (measurable quanti¬ 
ties) because of the simplicity of the 
physical system. Hence the hunting 
equation itself A+B = 0 was already a 
tensor equation. 

The First Principle of the General 
Theory of Relativity 

In 1905 Einstein came forward with the 
special theory of relativity. One of the 
consequences of this theory is the postu¬ 
late that the three co-ordinates of space 
x, y, z , and time t are not two distinct 


physical entities 
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but are components of a single tensor, a 

single physical entity 
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With this assumption it could be shown, 
for instance, that the separate electric 
and magnetic fields were only components 
of one underlying physical reality, the 
electromagnetic field. (Namely, B=B a 
and H—H a are components of one tensor 

Fj) 

In 1916 Einstein announced the general 
theory of relativity. One of the out¬ 
growths of this more general theory is the 
postulate that both the gravitational and 
the electromagnetic fields are components 
of only one underlying physical reality. 
The first principle of this theory may be 
formulated for the present purpose as 
follows: 1 

"All laws of nature are tensor equations"* 

For instance, the equations of Lagrange 
are tensor equations; so are the field 
equations of Maxwell in special reference 
frames. For more general reference 
frames Maxwell's equations have been 
brought into tensorial form by Min¬ 
kowsky. 

The question whether the group of 
transformations under which the laws of 
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Table I. Torque Formulas of Two Instrument Selsyns 

Valid If Either Machine Hunts 
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(a). Steady-State Torques 
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Ti = Wi + W* 
r 2 =w*+Wi 


(b). Damping and Synchronizing Torques of the Second Machine (Receiver) 


Figure 1. Two single-phase instrument 
Selsyns 

nature are invariant is the Lorentz group 
(as postulated by Einstein), or the 
Galilean group, has no bearing upon the 
argument of this paper. 

A Principle to Establish Models 
for Physical Systems 

Of course not only the grandiose dif¬ 
ferential equations that describe the curva¬ 
ture of light as it passes near the sun are 
tensor equations, but also the simple 
linear differential or algebraic equations 
that represent the performance of such a 
lowly creation as a stationary network. 
Hence if a stationary network is given, 
and its set of linear algebraic equations 
e=Z-i is established by Ohm’s and 
KirchhofFs laws, the set always comes 
out as a tensor equation. 

But let now the problem be reversed. 
Let a set of linear algebraic equations 
e=Z i be given: Are or are they not the 
equations of a stationary network? In 
other words, is it possible to establish a 
physical model whose performance cor¬ 
responds term by term to the given set of 
equations? 


•f, © 


i r AE fi *=W i +jQ i 
Ai^Ep* — We ~\~jQe 


JAE^-Wi+jQ! 


T,i' = 




, _ (C?6 + (?8) ~ {Qi^hQT) 
2 h 


Ai°E ti *=W,+jQ* 7V = 

Repeat the same measurements with — h hunting network. 

T a = T a ' + T a ’ T dl = T, di '-T di " 

(c). Damping and Synchronizing Torques of the First Machine (Transmitter) 

i r AE ri *=W,+jQ, * 


,, , W,+W 1 o+Wu+W a 
i° AE u *=Wu+jQ n T„' = --- 

Zi 


* — ILio-f-yQio 


&i b Eb i* = Wu+jQu 


Repeat the same measurements with — h hunting network. 

n, = 7y+2v 


^ , (QlO + 012) ““ (<29“T~<2ll) 

Ti ' = Yh - 


Bdi — Edi' — Tdt" 


In consequence of the first principle of 
general relativity, it is safe to conclude 
that a primary and necessary condition 
for the establishment of a model is that 
the set of equations should be a tensor 
equation. If it is not a tensor equation, 
then the set definitely cannot represent 
any physically existing structure, such as 
a stationary network. 

This deduction was rather emphatically 
proved in attempting to establish equiva¬ 
lent circuits by use of the nontensor hunt¬ 
ing equations e = Z i. 

This simple fact may be generalized 


*b.5> 



r sdi i*sdi i*rdi r n + r rz ’ jx rdz 

i + v 

a)Steady-S-tafe Network 


J x sde r sde 


bz* =8 b 


to include all physical phenomena by the 
following principle: 

"A set of equations, representing the per¬ 
formance of any physical system (be it 
mechanical, electrical, thermal, or any other 
system) may be represented by a physical 
model (equivalent circuit) only if the set of 
equations is a tensor equation.” 

Even if no model of a system is built, 
the engineer is interested in the objects 
that he can measure. Or if he does not 
care to measure certain quantities, he may 
still be interested in a mental “physical 
picture” of the phenomena taking place 
in the various parts of the system. As a 
corollary of the above principle it may be 
stated that: 

“In order that a set of equations should ex¬ 
press the performance of a physical system 
in terms of measurable and visualizable 
quantities, the set of equations must be a 
tensor equation.” 

Examples of sets of nontensor equations 
are those that represent small oscillations 
of dynamical systems, if these equations 



llh + v 

b)The Second Machine (Receiver) Hunts 


Figure" 57 2. Two 
single-phase instru¬ 
ment Selsyns 



c) The First Machine (Transmitter) Hunts 
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Figure 3. Two sali¬ 
ent-pole synchro¬ 
nous machines 


r ri +r re 






h-v 

b)The Second Machine Hunts 



c)The First Machine Hunts 

•are derived from the equation of Lagrange 
by standard methods. Other nontensor 
■equations are those of magnetrons, ultra¬ 
high-frequency tubes, and so forth, in the 
■analysis of which small variations are 
taken in Maxwell’s equations. 

Many of the theories used in electrical 
■engineering for the study of rotating ma¬ 
chines and stationary networks are also 
nontensor equations. Such theories are 
usually valid for one particular machine 
and even then only for one particular ref¬ 
erence frame. In contrast with these in 
Park’s analysis of the synchronous ma¬ 
chine, all basic equations (except those of 
hunting) may be shown to be tensor equa¬ 
tions, and to this very fact their success 
must be attributed. Fortescue’s method 
of symmetrical components is a tensorial 
transformation; hence its value and 
permanence. 

The conclusion of the reasoning is that 
even though a set of linear algebraic equa¬ 
tions e = Z • i is available, it does not follow 
that an equivalent stationary network can 
be established for it. A necessary (though 
not sufficient) condition is that the equa¬ 
tion should be a tensor equation. If it 
is not, then it cannot correspond term 
by term to any physically realizable net¬ 
work. 

The change of a set of linear algebraic 
equations e = Z i into a tensor equation 
consists—in the present case when it 
represents small oscillations—of the in¬ 
troduction of such tensorial concepts as 
the Riemann-Christoffel curvature tensor 


change a set of 
equations into a tensor equation always 
depends on what the equations represent 
physically. The equations of each type 
of physical phenomenon require separate 
treatment. 

The Affine Connection 

The most general form of connection 
used in affine differential geometry and 
also in the study of electrical machinery is 


y ~ nonholonomic object, skew-sym¬ 
metric in a and fi 

In the special types of electrical ma¬ 
chines considered in this paper the Weyl 
tensor Q a p y is zero. 

In the dynamical equations of Lagrange 
T a p t 7 is always multiplied by x a = i a 
twice, as T a p t y i a i 8 . As a consequence 
some of the above terms cancel or become 
equal, so that the affine connection sim¬ 
plifies to 

= ~)+^a,-2S ya$ 


= [«/ 3 , y ]— 2S yal 3 


( 2 ) 




rafl ’ y -2\bx“ ' bx? 

y~ oc“l”^Ya, P~\~^aPy SyPa 


da a p \ 
~ bxV / 


Sy a p~\~~ (.Qafiy ~\~Qpya ~~Qyap) (1) 


where 


S a 6y = torsion tensor, skew-symmetric in 
a and (3 

Qapy = "Weyl tensor,” symmetric in 
a and /S 


where [a\3, y] is the nonholonomic Chris¬ 
toff el symbol. 

It is emphasized that the above simpli¬ 
fied form of T a0l 7 can be used only 
in the equation of motion and in its varia¬ 
tions, such as the equations of small oscil¬ 
lations. In any other equation, such as 
the field equations of Maxwell, the com¬ 
plete form of T a p t 7 , as it appears in 
equation 1 must be used. 9 

The Three Types of 
Transformations 

In establishing equivalent networks for 
electrical machines there are at least 
three types of transformations used: 2 

1. Co-ordinate transformations. 


Table II. Torque Formulas of Two Synchronous Machines 

Valid If Either Machine Hunts 


Steady-State Torques 

Damping and Synchronizing Torques 

First Machine 

First Machine 

Second Machine 

£ 

£££ 

II II 0 
* * 

£ « 

i !a AE fi * = W„+jQ l 

Ai {a Ej* = Wa+jQs 
i ba Afij, * = Wr\-jQt 

Ai ba E bl * = Wa-EjQi 

i fa AE n *^W,+jQ, 

Ai !a Ej* = Wio+jQio 
i ta AE it * = Wn+jQn 
Ai^E^^Wn+jQn 

Second Machine 



i !a E n * = W z 

i i<L E t i* = Wi 

T n =-(.W b +W,+ W 7 +W,) 

T s i=-(W S + W ia + Wn + W a ) 

r 2 =TF 3 +TF 4 

rr, (Qi+Qj)—(Qt+Qa) 
Ta '~ h 

^ (Qo-\-Qu) — (Qits+Qn) 

Td2 ~ h 
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3J- - 


r n IJt r n-i ~J*ck 
— J*n “v~ J x n-i y2~* 


l!*SL II j x ix r i 

V 2 V iX 2 JX | V 



J e M V jX c<n-i) 

vr Y v * 


~ i x n -Inn. i*n-i "fe 


Jil. ; x In-]. ix 

h+v J n h + v Jx n-i (h+ v )2 


~ jX ci J± jv ix r i 

-fT v Jx e Jx i ™ 


a)Steady-State Network 

~ jX ci r 2 : Y j y 
(h+v) 2 h+v 1 2 *' 






r n-i jx n , ~ jX ck 
h-v nH (h-v) 2 


2. Spin transformations. 

3. Gauge transformations. 

Co-ordinate transformations are used 
in passing from the stationary <*, 6 , c 
axes to the rotating cT, < 7 , o axes or in 
interconnecting the reference axes. Spin 
transformations are employed in intro- 


~ ix ci r ?- j x 
(h-v) 2 h-v 


2 1 


© jXad | 


r 

1 k q~ r k d j h 

2hJ^-iE f k 

^kq‘*M*G) jE bk 

P > Tt, ^ 


CD, * e f 

vTh A 0 

h E df> 


b) Hunting Network 

Figure 4. Transmission line with series ca¬ 
pacitors connected to salient-pole syn¬ 
chronous machine 

All reference axes rotate uniformly with the 
infinite bus 


transformations are employed in intro- phase shifters that would otherwise ap- 
ducing the hypothetical symmetrical pear in the equivalent circuits, 
component frame. Gauge transforma- , In consequence of all these necessary 
tions enter in eliminating some of the transformations, the theories of spinor 


Tabic 111. Torque Formulas of Synchronous Machine Connected to Transmission Line 


Steady-State Torques 

| Damping and Synchronizing Torques 

i f E f * = W' 

i : AE f * = Wi+jQi 

Ai%*=W 3 +jQ, 

T.^Wi+Wi+Wt+W* 

i”E b * = W" 

**AE t *=W t +jQ, 

A i i E b * = W i +jQ t 

„ (&>+&)-(&+&) 

Ti h 

T=W'+W'' 





(h+v) 2 . h+v h+v h+v 
. J x 2 n n ri 


jxq |j x ad A>kd 

Ih+V )2 j(x aq -Xad) rKq-r kc j b r kd 

2 2h n ■’ h 

- 

jx cl ^ j(xkq- y kd) £kd 

Ud 2 Wd 


>n-i -jX c k 1 
(h-v) 2 


-j*ci 


h-v h-v h-v 


Figure 5. Self-excitation network of the transmission system (mass = infinit ) cot 
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analysis must be resorted to, in addition 
to those of tensor analysis. 

Spinor Form of the Equation 
of Motion 

When the components of r a/3> 7 con¬ 
tain complex numbers or complex func¬ 
tions, it has been shown 3 that eight dif¬ 
ferent Y a p > y may occur in the most 
general case, 'namely T ot p j ^ r a jg ( 7> 
Fa,/?, y r a/S , 7 and their conjugates. It 
has been found by the writer that in the 
Lagrangean equation, or at least in elec¬ 
trical machinery, six of the above eight 
expressions are zero, and only the follow¬ 
ing two have nonzero components, 
Fa/ 9 , 7 atid r fi/3> f . In particular it was 
found, that of the two components of 
Tap' y namely 

r«/5, 7 i[a0, y]— 2S^ap (3) 

the nonholonomic Christoffel symbol 
[®£, 7 ] has only its free index barred, 
while the torsion tensor S & fa ' has its 
skew-symmetric indexes both barred. 
Hence in interchanging <* and p in the 
latter, the components change signs only, 
but do not assume conjugate values. 

From this property the following con¬ 
clusions may be drawn, to be used as a 
laborsaving device: 

In analyzing electrical machinery in 
complex variables (for instance when sym- 


Electrical Engineering 




















a)Steady* State Network 


metrical components are introduced or 
when polyphase machines are studied) 
the usual tensor equations containing the 
unbarred T' a p t 7 may be used in all 
manipulations, even though the variables 
are complex. However when T a p t 7 is 
replaced by its component objects, then 
[a/3, y] should have its free index barred 
and Safa its two skew-symmetric indexes. 

Accordingly the equation of motion of 
Lagrange 

e a = R a pi p -\-a al 3 ~~-+rffy t a i^i y (4) 

at 

may be written for complex variables as 
' - 

tfa =R*piP-\-(iap — + \fijt a]fii y —2Scipyi^i y 
at 


where [py, a] is the nonholonomic 
Christoffel symbol. 

From this notation automatically follows 
for instance that in calculating the torque 
one of the currents must be changed to its 


39-6 




conventional nontensorial equation of 
hunting is 




be a 

dx& 


Ax$ = 


&Rgp 

bx y 


i0Ax y -\-R a p A^ + 


<lap 


d( AjP) 
dt 




a A^r+r /37j a i& Ai y + 


fogp di _* y STpy, CX 

dt " bx s 


fti 7 Ax 5 


(7) 


The equation given in the reference is 
generalized here to include nonholonomic 
reference frames, as all examples con¬ 
sidered below involve nonholonomic sys¬ 
tems. 

The Set to Be Added and 
Subtracted 


where E a is any small impressed force. 
In the special case when a a p and T a p t 7 
are constant, the last two terms disappear, 
and the equation becomes a tensor equa¬ 
tion. 


(5) 


The tensorial equation of small oscilla¬ 
tions and of their geometrical analogue, 
the disturbed geodesic is well known. 6-7 
Its derivation, when applied to electrical 
machinery, has been given in reference 8, 
equation 161 as 


The tensorial equation of hunting (9) 
consists of the standard equation of hunt¬ 
ing (7) with a set of terms A E a added 
and subtracted. The set is 

AE a =-Tpy t a (e^-R^si 5 -r^iH s ) Ax y + 

(r M , ° +2I>x, Ax y 

( 10 ) 

This set may be simplified by noting 
that by the equation of motion (4) 

di& 

—RP si 6 — = -— = pi& (11) 

dt 


Ea~\~S& ct — R a p8i& -{~a a p 


dt 


-\-KbyPai^i h dx y J rR a pyi0dx y 


( 8 ) 


Hence the set to be added and sub¬ 
tracted from the standard equations of 
hunting is 


Te~= -r^,« ^A^+^Twi, * r,5 7 x +2i>, a j2 57 x +^- ? )A' 5 ^ J 


conjugate. It should be remembered 
that: 

1 . e& is normally barred. 

2. i a is normally unbarred. 

3. The metric tensor aap is no longer sym¬ 
metrical, but hermitian 

a as a * or aap = ap a (6) 

4. When in the transient equations the 
p — d/dt are replaced by jw, the spin indices 
do not refer to these new complex numbers. 
For that reason p should be replaced by koj 
where k plays a similar role to j, still it 
remains distinct from it. 

5. When the free index is a geometrical 
index 5 the equation represents torques. 
Hence only the real part of the torque equa¬ 
tions is calculated. 

The Equations of Hunting 

Making small changes in the equation 
of motion of Lagrange (equation 4) the 


Each symbol in the equation is a tensor. 

Replacing each tensor by its compo¬ 
nent geometric objects, the above equa¬ 
tion may be written as (reference 8, 
equation 162): 


( 12 ) 


It should be noted that in electrical 
machinery Ax y must always have a 
geometrical index s as Ax\ since all ob¬ 
jects are functions only of x\ Also in 
all the examples considered here, the two 


t J r5e a ■‘j 
&{R a ^) | 



be 

Ea+^-AxP+TyS, a e y Ax i 
t>R a 


= R a pAi^+~^ i?Ax y + T yS , a,Ry pi* Ax s 

+r y s, a e y Ax s -Tys, a R y . Ax s +a a p — + — Ax y +Tp y , a A i e i y 

+ I> 7 , ai p Aiy+(^—R+T-KS, aVfiy^-TXy, 

/ai^cc^aiv^ _ x, o 


2r^x. 


I i B i s Ax y 
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machines run at the same speed , x s =8 2 —8i 
-constant, hence i s =p( 6 2 — 6 1 ) = 0, and 
the last term is zero. 

By allowing the free index a to assume 
the electrical variables m or the geo¬ 
metrical variables s, the equation of hunt¬ 
ing automatically separates into an equa¬ 
tion of voltage and an equation of torque. 
The latter may be expressed in terms of 
geometric objects of valence two G, K, 
and so forth, instead of objects of valence 
three or four. 

Tensor Form of the Voltages 
and Torques 

1. If ct — m, the remaining terms may 
be expressed as 

di& 

AEZZ = - — Ax* 4 - (rxs, *I>* + 

2IX mtis s x )i & i s Ax* 

= ~r ftS> mpi n Ax s +2T Sntih n ks n i s i k Ax'+ 
Fns, ^V ks n i k i* Ax* 

= “ Vfnnpi n AZ-GrnnL nf V f H k pe_ AS + 

VnnL nT V fk i*pt 

■AE= -V-piA5-G-L- l 'V-ipdA8+ 

V'L~ 1 ' V'tph (13) 

If the two machines run at the same 
•■speed Vp8 — 0, and the last term is zero. 


Hence the additional term to the equation 
of voltage is (to be added and subtracted) 

I &E=(-V-pi-i,*-Vp8-i)Zs\ (14) 

where 8 = ± (ft> — Of) . It must be remem¬ 
bered that this formula is valid only if 
the two machines run at the same steady- 
state speed, pd. 

2. If a=s(8=n and (3~k) 

AE § =(r mn> s r- ks m +2T km , s Q ns m )i*i n Ax 5 

(15) 

The first term is zero and the second term 
is 

2T- km , fl ns m iH n Ax* ~ -i*G k nL mr V Tn i n A5 = 

-i G Zr 1 - V-iA8 (16) 

Hence the additional term of the equation 
of torque is (to be added and subtracted) 

j Ar=-i-7 t *-v-tAa | (i7) 

Example of Two Instrument 
Selsyns 

In interconnecting two slip-ring induc¬ 
tion motors, Figure 1 (or synchronous 
machines) running at an angle 8=d 2 —Q i 
from each other, their equivalent circuit 
requires two phase shifters. One with 
in the f r mesh, another with e~ 3S in 


the b T mesh. One of these phase shifters 
may be eliminated by rotating first all 
the axes of the second machine by e jS . 
Then the two machines are interconnected 
(if both are expressed along sequence 
axes) by 


f\ b x f r b r f 2 b 2 


1 








1 





1 








1 







1 




1 









1 




_ 6 - 2.7 ( 02 - 01 ) 




(18) 


The various tensors of the individual 
selsyns are given in reference 10. The 
resultant transient Z tensor of the inter¬ 
connected system is found by 

Z' = C t *'Z-C+Ct*pL-C (19) 

given in equation 21. The corresponding 
equivalent circuits are shown in Figure 2. 
The voltages AE impressed on the hunt¬ 
ing networks are given in equation 22. 
The torques are found by 

bG 

Ar=i- AE*+Ai .£*+£*-* A3 (20) 



h 

b L 

fr 

b r 

h 

b 2 

/. 

r sdl+ r SQl~\- 

(£sdl+Lsq\)P 

r sdi r sq\ “h 
(Asdi ~~L, sql )p 


(M ai -M tl )p 



hi 

r sdi “r Sffl -4- 
i^sdl ~~L sq \)p 

r sdi+rsqi + 
(£'sdl~\~Z'sqi)P 

(Mto-Mqjp 

{M^+M^p 



fr 

+ 

1 


2r Tl ^-(L r( n J rL m ) ■ 
(p—jpQ 1 )-\-2r TZ + 
i.i'rdi H” d-'rqi) ' 
(p-jpdi) 

(l‘rn~ Lr<n)(P~ 

jpDl) + {Lrd-i ~ 

L m )e-™[p- 

j(2ps i -pe l )} 

— (M d2 +M ti ) ■ 
(p-jpdi) 

(M d .,-\-Mq'j) ' 
(P-jpdi) 

X 

1-f IV< 

II 

N 

(Mdi — Mq i ) (P -\~jp9 1) 

(M dl + M ql ) (p -\rjpdi) 

rdl ^rql) ‘ 

{p+jpQ l) + 
e 2i8 (L r d2-L rq2 )- 
[p+j@p02- 
M) 1 

2r n + (L rd] -\-L rql ) • 
(p-hjpd i) +2r r2 + 

(i J rd 2 ~\~Lrqi) * 

(P+jpOi) 

-^(M dl - 
Mqj) [p-\- 

j(2pe,-pej)] 

-t m (M d2 +M ti ) ■ 
(p+j( 2 pe 2 - 
Ph)] 

h 



lp+j(pth-p8l) ] 

-(Mit-Mqf)- 

t~ m lP- 

jipSi-pBO] 

r sd2^sq2 J r 

d" L sq f) • 

[p+jiph—pOi)} 

^sd2 ^sq2~\~ 

C^sd2 ^sqi) ’ 
IP+jiPh—pdi)] 

b, 



(^di ‘ 

\P+j(pB 2 -ph)\ 

-(M dl +M Qi )e~ w - 

[p-j(pe 2 -pa 1 )] 

r sd2 r sq2 d“ 

(^sd2'-^ m ) [p-\- 

jipOz-pdi)] 

r sd 2 J r^ 8 q 2 J r 
(-^sd2d“ Lsqi) * 
{p+j(ph-pdi)] 
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(4b-£J‘- w 1 -2ji br p-2j[p- 
j(2p0 2 —pOi)]i br } 

4EfiP ~jl(.X rai +X m )i rT - {X md2 + 
X m2 )i»-{X md2 -X mt2 )i b2 ]p+ 
(L rii ~L rq2 )t-V s lji br p+2j[p- 
j(2pdi—p6{)]i bT \ 

(E rd2 — L rq2 )e 21s ( 2ji lT p4~2j [p-\-j(2pd 2 — 
p0\)]i ,, \ + (M dl — M ql ) e 2is [ — 2ji fi p — 
2j [p +7 (2p$ 2 — p6i) ]i * 2 } + (M d2 + 
M qi )<? lb \ —2ji b2 p—2j[p+ 
j(2pe 2 -po 1 )]i bl \ 

4E b2 p+j{X Td2 +X rqi )i bT p+{L rdt — 
L m )* ib 1 —ji fT p —2j [p+j(2p6n — 
p9,) \i Sl } + (M d2 -M e2 )t m ( ji f *p+ 

2 ] [p J rj(2p6« —pBi) ]/ 2 j +{M d .,+ 

M t y iS \ji b2 p+2jlp+j(2p0 2 - 
P0d\r) 

(M d2 - M t2 )r™ [ji br p+2j [p -Kpe , - 
pei)]i br \+4je fi *- 3S -j\(X mi . l + 
X mq2 )i fr -(X sd2 +X m )i' 2 - 
<Xm-X m )i M ]p 

(M m - M n ) { —ji bT p—2j[p - 

j(p0 1 -pe l )}i bT \-‘ije^- 3S + 
jl(X md2 -{-X m2 )i fr — {X sn+X sqi )i n 
-(. X sd2 -X sqi )i b2 ]p 

(M d2 +M q2 )e~V s ( ji bT p+2j [p - Kpe , - 
pOi) ]i br \+4je b2 e~ is -j[(X mii — 
X mqi )i /r -(X si2 -X sq! )i"- 
(X sd .,+X sn ,)i b2 ]p 

(M d . l +M q2 )t- 13S 1 —ji b1 p—2j\p — 
j(p$ 2 —pOd ]i bT ) -4je b2 6~ 15 + 
jl(X md ,-X mq2 )i fr -(X 5d2 -X sq .Ji 2 

— (X 2dn +X w9)i b2 1 P 


( 22 ) 


It should be noted that no matter how the expressions in A E are grouped, they 
cannot be measured on the steady-state network. However if the following matrix 
(equation 14) is added to A E 


A§2 A(jl 






(L Ti2 -L m ) (p-jpo 2 ) r^2ji bT - 
(L Td2 -L rq2 )(p-jpe 2 )e-» s 2ji br 

-(L rdi -L rql ) {p-jpe 2 )e~^2ji br + 
(L Td2 -L m ) ( p-jpOde-^ji”' 

(L rd2 -\-L m ) (p-\-jpd 2 )2ji bT — 

(L Td2 +L rq2 ) (p J rjpd 2 )2ji br 

(Z J rd2~\~L T q 2 ) (P^jp0z)2ji bT -jr 
(Pjp6 

-(M d2 -M q2 )e-* ls 2jpi br + 

{M dq -M n )e-^2jpi br 

(M d2 -M qi )e~* is 2jpi br - 

(M d2 -M qi )*-» b 2jpi br 

-(M d2 +M q2 )e~^2jpi br + 

{M d2 +M q2 )r^2jpi br 

{M d2 +M q2 )<r* is 2jpi bT - 
(M d2 +M Q2 )'-» s 2jpi br 


then in the presence of these additional expressions the components of A E may be 
regrouped and expressed in terms of measurable voltages and currents as 


A 62 A 61 






-2 j(X md2 -X m2 )C™(l+h-v)ji bT 

2j{X mdi —X mq2 )e~ 21l (l+h - v)ji bT 
-\-4j{Efy-\-Ef 2 )h 

-j(X rdi +X m )2ji bT (l +h+v) + 
8 jE M (l+h+v) 

j(X Tdi +X Tq2 )2ji br (1 +h+v)~ 
mu 1 +h+v) +4j(E bl +E b2 )h 

2 j(X md2 -X mq2 )e- lis (l +h)ji br - 
4jE fs h+4-jE f2 r ls 

-2 j(X mi2 -X mq2 )e- ljs a +h)ji br + 
4jE fs h—4je u e 15 

2j(x md2 +x m „dr !3t (i+h)ji br + 

4jE bs h+4je bs t jS 

-2j(X md2 +X m2 )e- 23S (l +h)ji br - 
4jE bs h-4je b2 e ss 


Similarly, it should be noted that in the torque equation 20 the last term can¬ 
not be measured off the hunting network. Hence, if to the torque equation the fol¬ 
lowing matrix (equation 17) 


A0 2 AO i 


-j(X m -X m )e~™2ji»'+ 

j{X m -X rqi )€~ w 2ji br 

j{X rd2 -X rqi )e-» s 2jr- 

j(X rd2 -X rq2 )e-^2ji br 

j(X rd2 +X rq2 )2ji br — 
j(X rd2 +X Tq2 )2ji br 

~j(X Td2 -\-X rq2 )2ji l,Tj r 

j(X Td2 +X m )2ji b ' 


is added, then the torque equation may 
be regrouped, expressed as 


&T=*i- AE'*+Ai-E* (26) 

and measured off the hunting network as 
usual. 

The corresponding equivalent circuits 
are given in Figure 2 and the torque 
measurements in Table I. There are two 
similar hunting networks for each case of 
hunting, one containing everywhere -\-k 
the other — h. 

The two shaded circles represent a 
phase shifter, one shifting the current, the 
other the voltage by an angle 25. In 
writing equations for the armature mesh 
b r by tracing out the equivalent circuit, 
it has to be remembered that only one 
equation need be written since the cur¬ 
rent generators form only junction pairs. 

It should be noted that the curvature 
tensor enters only in the establishment of 
the voltage generator 2 ]E b and the current 
generator 2 ji b that appear at the terminals 
of the machines. 


Synchronous Machines 

The same method of reasoning applies- 
when two salient-pole synchronous ma¬ 
chines are interconnected. Their equiva¬ 
lent circuits are given in Figure 3 and the 
torque measurements in Table II. 

When a synchronous machine is con¬ 
nected to a transmission line, two cases 
are possible: 

1. The reference frame is rigidly con¬ 
nected to the field pole, and the frame takes 
part in the oscillation. This case was con¬ 
sidered in reference 11. The disadvantage 
of the resulting equivalent circuit of hunting 
is that it requires as many generators as 
there are meshes in the transmission line. 

2. The reference frame is rigidly connected 
to the infinite bus. Since the latter is not 
assumed to hunt, the transmission network 
is free of generators. They appear now in 
the synchronous-machine field meshes, 
whose number is however few. The 
equivalent circuits for this case are given in 
Figure 4 and the torque measurements in 
Table III. The two Figures 5 and 6 are re¬ 
produced from reference 11. 

The results of a study made on Figures 
4-6 are given in a companion paper. 12 
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Abnormal Overvoltages Caused by 
Transformer Magnetizing Currents in 
Long Transmission Lines 

H. A. PETERSON 

MEMBER AIEE 


A s power-transmission distances have 
increased, new problems, both tech¬ 
nical and economic have been encoun¬ 
tered, analyzed, and taken into considera¬ 
tion in the design and operation of power 
systems. As transmission distances con¬ 
tinue to increase it is logical to expect 
that in addition to the already exposed 
problems, new ones may arise which pre¬ 
viously have not required consideration. 
It is the purpose of this paper to present 
an analysis of a technical problem which 
falls in the latter category. 

In the course of studying various prob¬ 
lems associated with long-transmission- 
line phenomena, it has been found by 
means of the transient analyzer that cer¬ 
tain combinations of transmission-line 
length and system reactance can give rise 
to overvoltages of considerable magni¬ 
tude when a lightly loaded transformer is 
connected to that transmission line. It 
is shown in the paper that such a system 
is most susceptible to overvoltage phe¬ 
nomena when the transformer is connected 
to the receiving end of that transmission 
line, although, theoretically, similar phe¬ 
nomena may occur for any transformer 
location including the transformer at the 
sending end. These overvoltages are in 
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addition to the normal fundamental-fre¬ 
quency voltage rise and are of a combina¬ 
tion subharmonic and harmonic nature. 
In magnitude, this overvoltage may be 
twice as high as that which can be calcu¬ 
lated by conventional methods when 
transformer magnetizing currents are 
neglected. 

A comprehensive analysis of represen¬ 
tative circuits with and without series- 
capacitor compensation has been made 
to determine the regions of abnormal be¬ 
havior and the effectiveness of various 
practical methods for safely limiting such 
overvoltages. Such practical means for 
controlling the overvoltage include proper 
switching and relaying arrangements, 
the synchronous condenser, shunt reac¬ 
tors, and resonant shunts. 

The results presented include a physi¬ 
cal picture of the underlying mechanism 
which gives rise to the phenomenon. It 
is felt that these results will be of consid¬ 
erable importance from the standpoint 
of designing and operating systems in¬ 
volving the transmission of power over 
distances in the practical range above 200 
miles. 

Summary and Conclusions 

The phenomena discussed in this paper 
are more likely to occur when the trans¬ 
former is located at the receiving end and 
is lightly loaded or carrying no load. 
While an unloaded or lightly loaded trans¬ 
former located at any point along a trans¬ 
mission line can give rise to these over¬ 
voltage phenomena, the system is most 
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susceptible to such disturbances when the 
transformer is at the receiving end of the 
line because of the normal frequency rise 
in voltage with increasing distance from 
the source end. It should be borne in 
mind that either end of a long transmis¬ 
sion line may become the receiving end 
in the sense employed in this study. The 
condition would probably be most serious 
when accompanied by generator over¬ 
speeding immediately following sudden 
loss of load caused by low side switching, 
which would simultaneously remove any 
receiving-end synchronous-condenser ca¬ 
pacity otherwise normally present. 

In designing- a power system requiring 
transmission distances in the practical 
range above 200 miles, consideration 
should be given to the possibility of over¬ 
voltages such as these discussed in the 
paper. The more important factors the 
effects of which should be evaluated are 

1. System frequency (including range clue 
to generator overspeeding). 

2. System reactance. 

3. Line length and losses. 

4. Receiving-cnd transformer size and 
saturation characteristics. 

5. Switching arrangement 

(fl). Use of high side breakers, with proper re¬ 
laying, may prevent unloaded transformers from 
every being on the receiving end of the line. 

(6). If no high side breakers are used, care should 
be taken so that the receiving-end synchronous- 
condenser capacity- is operated as an integral purt 
of the line and reoeiving-end transformer. 

6. Series capacitors. 

Remedial measures which are effective 
in eliminating the overvoltages for cases 
falling in the danger region include the 
following: 

1. Switching arrangements (see 5 above). 

2. Synchronous condensers. 

3. Shunt reactors. 

4. Second harmonic shunts. 

Shunt reactors or the second harmonic 
shunt should be an integral part of the 
line, preferably located at or near the 
terminals of the receiving-end transformer 
for maximum effectiveness. They 
need not be on the high-voltage side of 
the transformer. To make the second 
harmonic shunt effective over a range of 
frequencies likely to be encountered as a 
result of possible overspeeding, it would 
be preferable to have it tuned for a fre¬ 
quency slightly higher than the second 
harmonic. However, with series capaci¬ 
tors, the second harmonic shunt alone is 
not capable of stabilizing the voltage at 
the receiver end. 

In some specific cases it may be desir¬ 
able to set up the system in miniature to 
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Fisure 1. One-line diagram of system studied 


evaluate accurately the effects of all of 
the factors involved under various con¬ 
ditions of operation. 

System Studied 

Figure 1 shows the basic circuit ana¬ 
lyzed. In a system such as this, the re¬ 
ceiving-end transformer would become 
considerably overexcited if its load were 
suddenly lost during a system disturb¬ 
ance severe enough to cause the receiv¬ 
ing-end low-voltage circuit breakers to 
open. This would leave the transformer 
energized with no load and thus with only 
exciting current flowing. However, the 
magnetizing impedance of a transformer, 
while fundamentally reactive, is a vari¬ 
able quantity because of saturation of the 
iron core. During periods of saturation, 
relatively high peak currents may flow 
momentarily. 

Analysis of the problem involving a 
distributed constant line, and a saturable 
reactance would be extremely complicated 
and time-consuming using ordinary meth¬ 
ods. Therefore the transient-analyzer 
method of miniature-system representa¬ 
tion, which is ideally suited to the study 
of such nonlinear circuit phenomena, 2 ' 10 - 11 
was used. For the purpose of analysis by 
this method, the system of Figure 1 was 
set up as shown in Figure 2. The arti¬ 
ficial transmission line and the miniature 
transformers used at the receiving end 
have been described previously, 1 ' 2 and so 
no space will be devoted to a description 
of the miniature system in this paper. It 
will be sufficient to point out that the 
abruptness of transformer saturation 
could be varied simply by varying X t as 
shown in Figure 3. The values of X t used 
were always small relative to X m so that 
X m remained substantially independent 
of XJX m . Consequently the connected 
receiving transformer kilovolt-amperes re¬ 
mained essentially independent of X t /X my 
and only the saturation characteristic 
of the receiving-end transformer was 
modified by varying X t /X m as shown in 
Figure 3. Each single-phase transformer 
used at the receiving end had a magnetiz¬ 
ing impedance of X m — 13,000 ohms at 
normal voltage of 110 volts. Two of 
these units could be put in each phase in 
parallel, thus halving the value of X mt or 
two units could be put in series in each 
phase (provided values of E in volts were 


Figure 2. Three- 
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doubled) thus doubling the value of 
X m . In any case, the receiving-end trans¬ 
former kilovolt-amperes to be associated 
with any value of X m is given by the fol¬ 
lowing relation. 

Y kv2 X 1,000 

m kvaX/ w 

where 


X m is the receiving-end transformer mag¬ 
netizing reactance in ohms per phase at 
normal voltage 

Kv is normal system line-to-line voltage 

ICva is the receiving-end transformer-bank 
rating 

l m is the exciting current in per unit per 
phase at normal voltage. 


Thus, if X tn — 13,000 ohms, and if a three 
per cent exciting current and a 230-kv 
system are assumed, the receiver-end 
transformer kilovolt-ampere rating rep¬ 
resented by the miniature system would 
be 


(230) 8 (1,000) 
13,000(0.03) 


— 135,000 kva 


Provision was made for operating the 
receiving-end transformer with or with¬ 
out the delta open. Shunt reactors or 
resistors of variable kilovolt-ampere rat¬ 
ing, as well as resonant shunts and syn¬ 
chronous condensers, could be switched 
in at the receiving end. Series capacitors 
for line-reactance compensation could be 
inserted as desired. Provision was made 
for varying the resistance of the trans¬ 
mission line and of the receiving-end 
transformer and for varying the sine- 



TIMES NORMAL RMS EXCITING CURRENT 


Figure 3. Saturation curves used in this study 


D-c resistance of winding expressed as a ratio 
to X m is 0.0003. ^ = 13,000 ohms at 110 
volts, 60 cycles, for one transformer 


wave generator voltage, thus changing 
the operating flux density in the receiv¬ 
ing-end transformer as desired. Conse¬ 
quently numerous factors separately or 
in combination could be carefully studied. 

The effect of lightning arresters in 
limiting these overvoltages and thus pro¬ 
tecting terminal equipment was not in¬ 
cluded in this study. It follows from the 
results revealing the nature of the phe¬ 
nomenon, however, that lightning arrest¬ 
ers may be damaged by such sustained 
overvoltages. 

Nomenclature 

E — voltage back of X s in per unit 
X s = source reactance 

Xt~ transformer scries reactance (for satura¬ 
tion adjustment) 

. zero-sequence line reactance 

tfo/tfi = -—■—- 

positive-sequence line reactance 

line 1 ‘esistance 

r = 7 -- (positive sequence) 

line react ance 

vol tage at receiving end witli transformer 
voltage at receiving end without transformer 
XjX lt ~ 

(positive- seq uence capacitive reactance) 
shunt reactance 
line resistance 

qj / Xq « ---(zero sequence) 

line reactance 

/—cycles per second 

= magnetizing reactance in ohms at 
normal voltage and frequency 
A r rl , X C 0 =positive- and zero-sequence shunt 
capacitive reactance of line respectively 
Xac =* series-capacitor reactance 

nonsaturable reactance in parallel with 
Xsc 

R — resistance in parallel with 
Xr =*nonsaturable shunt reactance at re¬ 
ceiving-end transformer terminals 
Rr — shunt resistors at receiving-end trans¬ 
former terminals 

Discussion of Results 

With the system set up as in Figure 2, 
curves as shown in Figures 4a and 4b 
were obtained. It should be emphasized 
that the voltage V R is a ratio of crest 
voltage to ground at the receiver end 
with the transformer connected, to the 
crest voltage at the same location with 
the transformer disconnected. Thus the 
normal rise in the line is eliminated from 
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(a). Delta closed 





(b). Delta open 

Figur 4. Voltages V R obtained in the system 
of Figure 2 

X t — 86 ohms 

f — 60 cycles per second 
xo/xi = 4.0 
n/xi - 0.1 

X\!— 0 * 014 
X m — 13/000 ohms 
No series-capacitor compensation 
No load on system 
No shunt reactors 

the results, and the effect of the trans¬ 
former alone is shown by these figures. 

The oscillograms shown in Figure 5 are 
typical illustrations. No two of these 
oscillograms were taken simultaneously, 
so it is not possible to correlate instan¬ 
taneous values of voltage and current. 
However, the variation in voltage and 
current w T ave shapes with time is indi¬ 
cated. The voltage is seen to be made up 
largely of a second harmonic and sub- 
hannonics. The current traces clearly 
show evidence of subharmonics and even 
harmonics. The time required for this 
condition to be reached following sudden 
loss of load varies from a couple of cycles 
to a second or two depending upon the 
value of E and the system constants. 

The values of E maintained back of X s 
range from a maximum of 1.1 down to 
values such that the effect of the trans¬ 
former is negligible from the standpoint 
of producing overvoltages. It is felt that 
this covers the practical range, including 
the case of sudden loss of load at the 
receiving end. Unit voltage 5=1.0 


Figur 5. Oscillo¬ 
grams showing the 
nature of the ph - 
nomenon 

System constants as 
in Figure 4a, with 
320 miles of line 

A. Vr —Phase-/4 
voltage to ground at 
receiving-end trans¬ 
former terminals 

B. Receiving-end 
phased transformer 
magnetizing current 

C. Voltage to 
ground at sending 
end times that which 
would exist without 

the transformer 



defines the normal operating point on the 
saturation curves of Figure 3 when applied 
directly to the terminals of the trans¬ 
former. 

It is to be noted that if E is reduced ap¬ 
proximately to values such that the re¬ 
ceiving-end transformer is not overex¬ 
cited, no overvoltages will occur. It is of 
significance also that the region of ab¬ 
normality is not greatly affected by the 
delta being opened or closed. Further¬ 
more, the phenomenon is essentially inde¬ 
pendent of the method of grounding the 
receiving-end transformer neutral when a 
closed delta winding is present. 

It should be noted that, while the sys¬ 
tem studied is characterized by a “send¬ 
ing end” and a “receiving end,” in the 
actual case, either end may become the 
receiving end in the sense employed here. 
That is, during a system disturbance, 
either end of the line may be switched 
out on the low-voltage side, leaving an 
unloaded system of the type illustrated 
in Figure 2, 

Similar tests made under numerous 
miniature-system conditions have made it 
possible to summarize the effect of source 
reactance X s as shown in Figure 6. Since 
the case of the delta open is of little prac¬ 
tical significance, only the delta-closed 
condition is shown. This figure shows 
the regions in which V R is greater than 
unity in terms of miles of transmission 
line and source reactance in ohms. Since 
the delta being opened has little effect 
on the region of abnormality in general, 
it is to be concluded that the reactance 
of the tertiary winding is of little conse¬ 
quence. Furthermore the negligible effect 


of the delta being opened has some signifi¬ 
cance from the standpoint of the theory 
involved, as will be shown later. 

The curves of Figure 6 indicate that 
overvoltages are to be expected over a 
range of line lengths from 200 miles on 
up to slightly over 400 miles when the 
system frequency is 00 cycles per second, 
and source reactances are in the practical 
range. With lower frequencies the line 
lengths could be increased inversely as the 
frequency before encountering the dif¬ 
ficulty. The maximum value of V lt ob¬ 
tained was 1.8 with the delta closed, and 
the length of line producing the maximum 
overvoltage is shown to increase as the 
source reactance decreases. Thus, under 
system conditions corresponding to these, 
voltages on the order of twice those nor¬ 
mally expected may exist at the terminals 
of the receiving-end transformer if the 
line length and system source reactance 
are in the right combination, and if cor¬ 
ona and lightning arresters are not volt¬ 
age-limiting factors. 



Figure 6. Boundaries of overvoltage region 
as affected by line length and source reactanc 
with receiving-end transformer delta closed 


Frequency 60 cycles per second 
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Figure 7< Effect of icndlng-end voltage 

System constants as in Figure 4a 

While tlu* curves of Figure (1 are for the 
transformer located at the receiving end 
of the transmission line, it can he shown 
(see Appendix II) that the critical com¬ 
bination of length of line and source re 
aetance which is susceptible to these 
phenomena is independent of the trans¬ 
former location. Kven the sending end 
transformer can produce the same phe¬ 
nomena for the same range of constants 
shown in Figure 0. However, a somewhat 
higher range of values of 1C (voltage hack 
of equivalent system reactance, A"*) 
would he required to give rise to the 
phenomenon in this case. The receiving- 
end transformer location renders a given 
system more vulnerable to such disturb¬ 
ances because of the normal frequency 
voltage rise" in the line. 

The effect of the voltage E maintained 
within the system is shown in Figure 7 
for the same case as in Figure 4. As the 
system voltage is decreased, the range of 
system constants capable of giving rise 
to this abnormality decreases, and at 
E 0.8 the phenomenon disappears on 
lirelv. This suggests the theoretical 
possibility of avoiding such overvoltage 
phenomena by using low llux density 
transformers, although other means may 
generally be more desirable. 

'I’he effect of varying the magnetizing 
reactance A" ro is illustrated iu Figure K, 
It is believed that this covers the practical 



traniformer magnetizing reactance X m 

System constants as in Figure 4a 


range of X m and shows that the phenome¬ 
non is not critical to a particular value 
of X m . Obviously if X m is co the value of 
V H = 1 as shown, and if very high values 
of X m are connected to the transmission 
line, little disturbance of the type under 
discussion would be expected. In order 
to make the results more general, values 
of X m are given in ohms, but they can 
readily be converted to specific trans¬ 
former kilovolt-ampere ratings in sys¬ 
tems of given voltage rating, if the 
magnetizing current in percent is known or 
assumed. The formula given in the pre¬ 
ceding section can be used for this pur¬ 
pose. 

The effect of line resistance is illus¬ 
trated in Figure 0. It appears that, if 
t\/xi could be as high as 0.4 or higher, the 
phenomena would not occur. However, 
practical values of r\/x\ in lines such as 
these under discussion would fall con¬ 
siderably below this value on the order 
of 0.2 or less. Therefore line resistance 
would not he expected to eliminate the 
overvoltages in a practical case, Furt her 
more, any attempt to increase the circuit 
resistance may result in an increased 
tendency for hunting to take place. !M,n 

The effect of steepness of saturation is 
illustrated in Figure 10. It is evident 
from this illustration that the phenome¬ 
non is not, critical to the abruptness 
of saturation over a practical range, al¬ 
though the more abrupt saturation char 
act eristic in general appears to lead to 
higher voltages ami broaden the range of 
constants for which they may be obtained. 

The effect of generator overspeediug is 
illustrated in Figure 11, A system nor¬ 
mally not iu the region of overvoltages 
may be brought into the region by genera¬ 
tor overspeediug as a result of loss of 
load. 

After observing the effects of various 
factors iu producing these overvoltages, 
means were investigated for controlling 
them. Among the first means investi¬ 
gated was shunt reactors placed at the 
terminals of the receiving-end transformer. 
The ability of reactors to accomplish 
the desired purpose is illustrated in 
Figure 12, It is interesting to note that 
shunt reactor kilovolt-amperes as high as 
05 per cent of normal line-charging kilo 
volt-amperes may be required to keep V H 
down to unity, This amount of reactance 
docs not include compensation for the 
normal rise in the line since V R as defined 
is independent of the normal rise in volt¬ 
age iu the line. If generator overspeed¬ 
ing is an appreciable factor, shunt reac¬ 
tors to take care of the normal funda¬ 
mental-frequency rise in the line may not 
prevent the occurrence of this phenome- 



Systcm constants as in Figure 4a 

non because of the increase in applied 
frequency, 

Figure Id indicates that if the receiv¬ 
ing-end transformer saturates more 
abruptly, more reactor kilovolt-amperes 
may be required to stabilize the voltages 

Figure 14 suggests that the maximum 
required X c /X n is likely to increase as 
the value of X m decreases. This is repre ¬ 
sentative for the practical range of X m . 

Figure 15 shows that a synchronous 
condenser is very effective in eliminating 
the overvoltage hazard. In most actual 
cases, a condenser at the receiver end of a 
size greater than the minimum required 
for overvoltage stability would likely be 
present. Consequently this is one very 
practical and effective means of overcom¬ 
ing the difficulty. However, provision 
must be made for keeping the condenser 
on the system, even though the load is 
lost. Thus, in addition to controlling 
the fundamental frequency voltage at the 
receiver end during normal load condi¬ 
tions, a condenser is expected to be ef¬ 
fective in eliminating abnormal harmonic 
and subharmonic voltages such as these 
during system disturbances. 



Figure 10, Effect of abruptness of transformer 
saturation at receiving end 


System constants as in Figure 4a 
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Figure 11. Effect of generator overspeeding 

System constants as in Figure 4a 



x '/x, 


Figure 13. Effect of abruptness of saturation 
on the required shunt reactor kilovolt-amperes 
to reduce V R to unity 

System constants as in Figure 4a 


The curves of Figure 15 require some 
discussion, because they show a minimum 
condenser requirement for the length of 
line giving rise to the maximum values 
of V R . Practically, however, the neces¬ 
sity for reducing V R at all is greatest 
when V R is greatest. Therefore, for 
practical purposes, the maximum con¬ 
denser requirements for this given case 
are more nearly the minimum values 
shown in Figure 15. In other words, a 
condenser of 15,000 kva would probably 
be adequate for keeping V R from becom¬ 
ing destructive in magnitude for this case. 

One other very effective means that 
has been found for eliminating the over¬ 
voltages is the resonant shunt located 
at the receiver-end transformer. The 
shunt may be either delta- or wye-con¬ 
nected. If wye-connected, it makes no 
difference whether the neutral point is 
grounded or not. Its effectiveness is il¬ 
lustrated in Figure 16. The reason for 
the effectiveness of the second harmonic 
shunt is discussed in the following sec¬ 
tion. 

The effect of series capacitors at the 
mid-point of the transmission line is 
illustrated in Figure 17. Series capacitors 
at the mid-point of the line for 50 per cent 
compensation of the line drop were used 
for this case. The region of abnormality 
was broadened considerably by the pres¬ 
ence of the series capacitors as can readily 


be seen by comparing this figure with 
Figure 4a or 4b. The reason for this 
broadening of the region of abnormality is 
that an additional phenomenon, different 
in nature, is introduced by the presence 
of series capacitors. 4 This is discussed 
further in the section headed “Theory.” 

It is possible to eliminate the phe¬ 
nomenon entirely by using shunt reactors 
located at the terminals of the receiving- 
end transformer. The amount of react¬ 
ance required is shown for one case in 
Figure 18. In this figure also is shown the 
amount of shunt resistance required for 
the same case. 

The possibility of using a resistor in 
shunt with the series capacitor has pre¬ 
viously been given some consideration. 4 
A reactor in parallel with the series capaci¬ 
tor also is effective as shown in Figure 19, 
although for this case, the effectiveness of 
either a resistor or reactor so placed de¬ 
creases rapidly for lengths of line above 
280 miles. 

In Figure 20, the curves show the 
amount of reactance or resistance re¬ 
quired in parallel with the series capacitor 
for the same case, the only difference being 
that a second-harmonic resonant shunt 
has been connected to the terminals of the 
receiving-end transformer. Reactance 
is seen to be quite effective as a means of 
eliminating the phenomenon in this case 
for line lengths up to well over 400 miles, 



Figure 12. Maximum shunt re¬ 
actance kilovolt-amperes at re¬ 
ceiving-end transformer termi¬ 
nals required to reduce V R to 
unity 

Shunt-reactor kilovolt-amperes 
expressed as a ratio to normal 
line-charging kilovolt-amperes 
in accordance with the insert. 
System constants as in Figure 4a 



Xm-OHMS 


Figure 14. Effect of magnitude of X m n the 
required shunt reactor kilovolt-amperes to 
reduce V R to unity 

System constants as in Figure 4a 

while resistance is not nearly so effective. 
Furthermore, resistance is undesirable 
since it introduces losses during normal 
load conditions which in the proportions 
required would be intolerable in some 
cases. 

A condenser of practical size at the re¬ 
ceiving end is very effective in eliminating 
the voltage instability, either with or 
without series capacitors. 

Theory 

The cause of the phenomena discussed 
in the preceding section can best be under¬ 
stood by first considering a single-phase 
circuit as shown in Figure 21. Here the 
essential elements of the three-phase cir¬ 
cuit of Figure 2 are present, the trans¬ 
mission line being represented by a capaci¬ 
tor, X c , and the source reactance by 
A l . The transformer X m which can be 
connected or disconnected by the switch, 
corresponds to the receiving-end trans¬ 
former of Figure 2 where X t and X m de¬ 
fine the transformer characteristics. 

With V R defined as in the preceding 
discussion the results obtained by varying 
X C /X L and XJX L are shown in Figure 
22. Here two peaks of overvoltage are 



MILES OF LINE 

Figure 15. Synchronous-condenser capacity 
required at the receiving end to reduc V R to 
unity 

System as in Figure 4a, with X t /X m = 0, tran¬ 
sient reactance of condenser assumed to be 
30 per cent on rating in 230-kv system. 
Voltage back of transient reactance of con¬ 
denser, 133 per cent 
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PER UNIT NATURAL FREQUENCY 
OF RESONANT SHUNT 

Figure 16. Effect of resonant shunt on V R 

Shunt consists of reactor and capacitor in 
series located at the terminals of the receiving- 
end transformer. Reactor 6.0 henrys. Capaci¬ 
tance varied. System constants as in Figure 4a 
with 320 miles of line 


shown, one largely of second-harmonic 
and subharmonic nature for X C /X L just 
below 4 and the other largely of third- 
harmonic nature for XJX L just below 9. 
The higher values of X m /X L cause the 
peaks of overvoltage to move closer to 4 
and 9 respectively. Now when XJX L = 4, 
the circuit viewed from the switch loca¬ 
tion with the switch open is tuned to the 
second harmonic, and when X C /X L =9, 
it is tuned to the third harmonic. 

For the case of X C /X L just below. 9, it is 
not difficult to see why overvoltages will 
occur. If X C /X L = 9, the impedance of 
the circuit viewed from the switch with 
the switch open is infinite to the third 
harmonic neglecting resistance. Conse¬ 
quently, in trying to supply the required 
third to the transformer, a large third- 
harmonic drop is encountered, and this 
shows up at the transformer terminals 
as indicated in the curves. If X C /X L is 
lower than about 7.5 and higher than 
about 12, the impedance to the third 
harmonic required by the transformer is 
low enough essentially to eliminate the 
overvoltages of the third-harmonic type. 

It is to be noted that the overvoltages 
of this type are a maximum when XJX L 
is slightly less than 9. This means that 
the system impedance is capacitive and 
o’ a high value to the third harmonic. 
This is to be expected since, with the 
switch closed, the path for third har¬ 
monics includes X m also, which, while dif¬ 
ficult to evaluate under these saturated 
conditions, nevertheless is fundamentally 
reactive to the third and probably com¬ 
pensates for the resultant capacitive 
reactance of the system to bring the over¬ 
all system more nearly in tune to the third 
harmonic at the point giving rise to the 
maximum V R shown in Figure 22. 

With regard to the peak values of V R 
for XJX h slightly less than 4, the ex- 



Figure 17. Relationship between V R and 
miles of line with series capacitors 

Series-capacitor kilovolt-amperes at mid-point 
of line correcting for 50 per cent of line 
reactance drop. System constants as in 
Figure 4a. 1.1 

planation is more difficult, because, while 
the system impedance with the switch 
open is infinite (neglecting resistance) to 
the second harmonic when XJX L — 4, 
the transformer in normal steady-state 
operation with sinusoidal voltage applied 
does not require a second harmonic to flow. 
Consequently the preceding explanation, 
while satisfactory for the region of third- 
harmonic overvoltages is not satisfactory 
for the region of second-harmonic over¬ 
voltages. 

In order to visualize the cause of the 
second-harmonic overvoltages, it is de¬ 
sirable to substitute the equivalent cir¬ 
cuit of Figure 23 for the circuit of Figure 
21. In this figure, the two reactances 
X L and X c correspond to the reactances 
so labelled in Figure 21. The reactances 
X m and X 9 are constant (not saturable) 
and represent the transformer of Figure 
21 . 

In th's equivalent circuit, the satura¬ 
tion of the transformer is represented by 
two straight lines as shown in Figure 
23b. The effect of saturation of this type 
is introduced in the equivalent circuit 
by closing switch 5 at every instant that 
the current i into the equivalent trans¬ 
former exceeds a critical value and open¬ 
ing it at every instant that the current i 
falls below this critical value. In the 
illustration of Figure 23b, this critical 
value has been arbitrarily taken to be 
0.9 of the crest value which would be 
taken by X m if the switch S were never 
closed. On this basis the switch S would 
be opened and closed every half-cycle of 
fundamental frequency, or the switching 
cycle would be repeated at a frequency 
corresponding essentially to second-har¬ 
monic frequency, and, since the circuit 
made up of X c and X L is approximately 
tuned to the second harmonic, it is to be 
expected that the transient oscillations 
will be those corresponding at least ap- 



Figure 18. Shunt reactance or resistance re¬ 
quired at the receiving-end transformer ter¬ 
minals to hold V R down to unity for F^l.1 


System constants as in Figure 4a with 50 per 
cent series-capacitor line-reactance drop com¬ 
pensation at the mid-point of the line 

proximately to the natural frequency as 
dictated by X C /X L . 

Furthermore, this concept aids greatly 
in visualizing the production of subhar¬ 
monics as well as the second harmonics. 
Consider the equivalent circuit as oper¬ 
ating in a steady-state condition with 
switch S open. Then assume that on 
some half-cycle, saturation is to be in¬ 
troduced in accordance with the preced¬ 
ing theory. This will mean that switch 
S must be closed when i reaches 0.9 of the 
crest value it had been reaching on pre¬ 
vious half-cycles. This instant can also 
be defined with respect to the funda¬ 
mental-frequency voltage wave. Follow¬ 
ing the closing of the switch, a high peak 
of current will flow momentarily, and, 
when the total i returns to 0.9, switch S 
will be opened. This will leave a natural 
frequency oscillation in the circuit, and, 
when the current i has gone through zero 
and reaches a value of 0.9 again, switch S 



Figure 19. Resistance or reactance required 
in parallel with series capacitor to hold V R 
down to unity for E ^ 1.1 


X sc = reactance of series capacitors 
X L = reactance in parallel with X 8C 
R = resistance in parallel with X sc 

Other system constants as in Figure 4a 

50 per cent series-capacitor line-reactance 
drop compensation at the mid-point of the line 
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Figure 20. Resistance or reactance required 
In parallel with series capacitors to hold Vr 
down to unity for E ^ 1.1 


X lc — reactance of series capacitors 
X L — reactance in parallel with X sc 
R —resistance in parallel with X sc 

Second harmonic shunt at receiving-end trans¬ 
former terminals. Shunt made up of 2,000 co 
inductance in series with 0.32-microfarad 
capacitance wye-connected and ungrounded. 
Other system constants as in Figure 4a. 50 

per cent series-capacitor line-reactance drop 
compensation at the mid-point of the line 

must be closed. This time, however, the 
instant of closing is not the same with 
respect to the fundamental-frequency 
voltage wave as it was on the first half¬ 
cycle because of the transient condition. 
However, the switch must be opened 
again when the current decreases to 0.9 
in accordance with our criterion. Fur¬ 
thermore, the next half-cycle will likely 
require that switch S be closed at still a 
different point on the voltage wave so that 
several cycles may elapse before two 
cycles are identical or nearly identical. 
Consequently subharmonics must ap¬ 
pear, and the lowest subharmonic will 
be that corresponding to the period in 
cycles of fundamental frequency required 
for the exact initial conditions of closing 
switch 5 to repeat. It is conceivable that 
in a very low loss circuit, this might take 
a very long time, that is, the subhar¬ 
monic frequency might be very low. 

The preceding analysis of the single¬ 
phase circuit can be applied directly to 
the three-phase case by recognizing that 
the regions of abnormality in the single¬ 
phase circuit were associated with circuit 
constants which offered infinite impedance 
to the second or third harmonics. In 
Figure 24, the relationship between miles 
of line and source reactance for which 



Figure 21. Single-phase lumped-c nstant 
circuit studied 



Figure 22. Results obtained in the study of 
the circuit shown in Figure 21 


infinite impedance is offered to harmonics 
is shown. Also the region in which V R 
was found to be greater than unity (from 
Figure 6) is shown. It is significant that 
this region is close to the curve giving the 
relationship between miles of line and 
source reactance which offers infinite 
impedance to the second harmonic. Thus 
it corresponds to the single-phase case 
which for XJX L slightly less than 4 gave 
rise to overvoltages of a similar nature. 
Furthermore, the maximum values of 
overvoltage in the single-phase case oc¬ 
curred when X C /X L was slightly less 
than 4. This meant that the impedance 
of the system was actually capacitive. 
In Figure 24, the region of abnormality 
lies above the line defining infinite im¬ 
pedance to the second harmonic. This 
also means that the reactance in this re¬ 
gion is capacitive, thus further establish¬ 
ing the similarity between the three- 
phase and the single-phase case. 

In Figure 24, a curve is shown for in¬ 
finite impedance to the third harmonic. 
Infinite impedance to the third harmonic 
occurs naturally for shorter line lengths 
than for the second harmonic for a given 
source reactance. However, with a re¬ 
ceiving-end transformer having a closed 
delta, the third harmonic is not neces¬ 
sarily supplied from the line, and there¬ 
fore the system impedance has little 
effect. If the receiving-end transformer 
had no closed delta, then a region of over¬ 
voltages should be expected here of third- 
harmonic nature corresponding to the 
case of X C /X L slightly less than 9.0 in 
Figure 22. This region does exist but is 
considered of little practical significance 
in connection with this paper and so is not 
included in the curves. 

The question as to why the delta being 
opened or closed made little difference 
in the phenomenon is answered in Figure 
24. Curves showing the relationship be¬ 
tween miles of line and source reactance 
for zero impedance viewed from the re¬ 
ceiving end are shown. The curve for 
zero impedance to the third harmonic is 
shown to fall partially within the region 


of abnormality, near its upper extremity. 
Thus in the abnormal region the system 
offers a low impedance to third-harmonic 
currents, and it makes little difference 
whether the receiving-end transformer 
has a closed delta or not, since in either 
case third-harmonic current can easily 
be supplied. 

The preceding discussion would not be 
complete without some mention of why 
the second-harmonic shunt is so effective 
in reducing the abnormal condition in 
the long lines case. In the single-phase 
case, the third-harmonic region of over¬ 
voltages could be eliminated by a third- 
harmonic resonant shunt, while .the sec¬ 
ond-harmonic region could be eliminated 
by a second-harmonic shunt. By analogy 
between the single-phase and three-phase 
circuits it is eyident that the abnormal 
region shown in Figure 24 or Figure 6 can 
be eliminated by a second-harmonic 
shunt. Furthermore, for reasons just 
mentioned, with the delta closed, no re¬ 
gion of abnormality appears for the third 
harmonic. Consequently, for the delta 
closed condition, which is the practical 
case, a second-harmonic shunt is com¬ 
pletely effective in eliminating the 
abnormal condition brought about by ex¬ 
citing power transformers through long 
lines. 

The preceding analysis has dealt with 
only the second and third harmonics. 
Higher harmonics, when suppressed by sys¬ 
tems offering infinite impedance to them 
will produce voltage distortions, but the 
overvoltages produced will in general be 
of no practical significance as compared 
to the phenomena as discussed in this 
paper. 

While the foregoing discussion has 
dealt primarily with long lines carrying 
magnetizing currents, it is possible that 




Figure 23. Equivalent circuit (system of 
Figure 21) for visualizing the underlying cause 
of the phenomenon 
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the phenomena observed may be en¬ 
countered in other cases when the load 
requires harmonic currents to flow 
through long lines or from sources which 
tend to suppress them. 

When series capacitors are present, the 
impedance of the system viewed from the 
receiving-end transformer terminals re¬ 
mains only slightly changed as far as 
harmonics are concerned. This is readily 
understood, because with any practical 
series-capacitor compensation the react¬ 
ance of the series capacitor varies in¬ 
versely as the frequency. Consequently, 
in the region which caused voltage insta¬ 
bility without series capacitors, it is to be 
expected that instability of the same type 
will be found with series capacitors. In 
addition, the presence of series capacitors 
introduces the possibility of series reso¬ 
nant conditions in a nonlinear circuit con¬ 
sisting essentially of source and line 
reactance, series capacitor, and saturable 
reactor (transformer) which accounts for 
the broadening of the region of abnormal¬ 
ity shown in Figure 17. This circuit has 
been discussed in the technical press, and 
its behavior is generally well under¬ 
stood. 4-8 It generally requires some form 
of “shock" excitation in order for the 
subharmonics to appear. That is, there 
are several modes of ultimate behavior 
depending on the initial conditions. This 
is in contrast to the phenomenon charac¬ 
teristic of the circuit shown in Figure 21 
which is discussed in this paper and which 
generally does not require shock excita¬ 
tion for the phenomenon to appear. The 
harmonics and subharmonics appear spon¬ 
taneously, within a few cycles generally, 
and represent the only mode of steady- 
state behavior for the circuit. That is, 
the circuit can respond only in accordance 
with the curves of Figures 4a and 4b 
whether the system voltage is raised 
gradually or whether the system is sud¬ 
denly energized. 


Appendix I 

In the equivalent circuit of Figure 19, the 
per-unit current is (base current = l/L m ) 
through the switch following the closing of 
it at an initial angle 0 after a positive volt¬ 
age crest (assumed to the unity) is 

is]=Ai sin (/+0i) + £i sin (coc^+e^i) (1) 

where 

1 X s (a>c*- 1) 

X m {o) 0 2 —03 C 2 ) ^ -;-~ 

Bi=z~ -77;-TT Vsin 2 0i+O>c 2 eos 2 0i 

A s o> c 2 (1— cue 2 ) 

^ X m 03 0 2 sin 9 X 

D '~ w - 


■V 


’X c (X m +X L ) 

x m x L 


the circuit natural frequency in per unit 
with switch S open 




-V 




x n x L x s 


the circuit natural frequency in per unit 
with the switch S closed 


sin (fji = 


cos (f> i = 


sin 0i 

■\/sin 2 01 +^c 2 cos 2 0i 
03 c cos 01 


"x/sin 2 01 -f-toc 2 cos 2 0i 

The current i flowing into the equivalent 
transformer is 

sin (£+0i) + iV sin (w c *-f<Ai)+£V 


(o) n 2 —car* 2 ) /- 

-~r v sin* B\ +w<? 2 cos 2 0i 

<d C (l— 03 C 'V 

Interrupting the current is, the voltage 
across the capacitor is 

e 0[ =cos (/+0lO+Tfi sin c c 0 t-\-J X X 

cos (£ 0 0 i-j-a;i)-|-iCiCOS (o3 0 t-\-(3\) (4) 

= cos (/+0i / ) + MiCOS (w 0 /+S) 


where 
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8i ~03ct c \ J r<t>\ 

l c i is the interval of time in radians during 
which the switch was closed 


sin ai = 


03 0 sin 5i 


cos oci — 


\/c < jc 2 cos 2 sin 2 Si 

c tic cos 5i 

a/coc 2 cos 2 sin 2 6] 
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cos 0i = 
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The voltage across the capacitor is 


52- 

e c i = F\ cos A~G\ cos (cop/-|-<£i) 

(3) 


where 


sin 1 pi¬ 
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cas \p2 “ 


\/cos 2 0i' + w 0 * sin 2 B\ 
cos &i 

a/ cos 2 0i / -bo> o 2 sin 2 0d 
The current i becomes 

H\ J\ 

i 0 i = sin (/+0i)-cos — X 

O3 0 

Ki 

sin (co 0 /4-ai)-b— 1 sin (w^+0 1 ) (S) 

Closing the switch at the next instant when 
the current i reaches the critical value 

sin sin ( 0 )^+^) + 

D 2 ~)r M 1 S 2 sin (o3cl~\~ y ! / A H” WiMi (6) 

A\ defined in equation 1 

g.° 

X S 03 C 2 {1~ 03 c 2 ) 
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y/ sin 2 02 +wc 2 cos 2 B ‘2 

03 c COS 02 
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A 2 =angle of c o 0 frequency voltage past 
positive voltage crest when switch 
is closed 


TF 2 =- 


X m o) 0 sin A 2 


X S 03 C 2 

The voltage across the capacitor is 

X s dis^ 

*X m dt 


e C2 


and the current i c2 into the equivalent trans¬ 
former is of the form of equation 2. 

At the time of interruption, the current 
i 02 takes the form of equation 5 subject to 
the new boundary conditions. The voltage 
e 02 takes the form of equation 4 also subject 
to the new boundary conditions. 

This procedure can go on for as long as 
desired, each time imposing the new bound¬ 
ary conditions. It can be seen readily that 
these successive boundary conditions will 
not in general be the same for adjacent 
cycles of fundamental frequency. That is 
0i+7r?^02, 02~l - 7r7 , ^03, .... B n J r'iry £ B n + 1. 

Ultimately, however, 0 n +^ ee0 n+a and a 
definite subharmonic frequency will appear. 
Furthermore, the voltage oscillation across 
the capacitor will be of fundamental fre¬ 
quency plus a natural-frequency oscillation 
which is predominantly that defined as o3 0 , 
the natural frequency of the system with the 
switch open. This is brought about by the 
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fact that the switch S is closed in general 
only a short fraction of a fundamental- 
frequency period, and that period is gen¬ 
erally in the vicinity of fundamental-fre¬ 
quency voltage zero. Therefore, it is to be 
expected that when circuit losses are low, 
the natural frequency of the circuit with 
the switch open and subharmonics will ap¬ 
pear across the capacitor in the circuit of 
Figure 23. 


Appendix II 


Viewed from the receiving end, the system 
of Figure 1 or 2 neglecting losses offers an 
impedance 9 


Z r =j 


ioL# COS 03 iVlc+ V ^ s * n uVlc 


cos ul\/LC 


T JC . 

-uL s -y— sin wi 


(X) 


Wlc 


where 

L — inductance per mile in henrys 
C —capacitance per mile in farads 
2hj = source inductance in henrys 

CO — 27r/ 

/ = length of line in miles 

In the transient-analyzer artificial line 

L — 0.002 henry per mile 
C— 0.016 microfarad per mile 

For Z r = the criterion is 


COS 031 


iVlc 


-“ £s Vf 


sin wZV£C=0 (2) 


or, rewriting 

co 


when 

tan alVLC=~^rJ- (3) 

&L S yj C 

This equation was used with the above 
numerical constants for plotting the curves 
relating source reactance and miles of line 
to give infinite impedance in Figure 20. 

For Z r = 0, the criterion is 


aL s cos als/LC^r ^ “ sin aits/LC= 0 
or, rewriting 
0 

when 

als/LC— — cojL, 



(4) 


(5) 


This equation was used with the above 
numerical constants for plotting the curves 
relating source reactance and miles of line 
to give zero impedance in Figure 24. 

It can also be shown that the relationship 
between source reactance aL s and line 
length to give infinite impedance is inde¬ 
pendent of the point considered along the 
line. If / is the total length of line con¬ 
sidered, and d is the distance between the 
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Figure 24. Relationship between miles of 
line and source reactance which offers infinite 
or zero impedance to harmonics viewed from 
any point along the line 

Resistance neglected 


sending end and the point from which the 
impedance is to be determined, then 
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Z = oo when the denominator of equation 6 
is zero. Rewriting this denominator 
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II 
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[cos codvTC-f- 


cos ads/LC] — 

sin ads/LC tan ads/LC] 

and finally tanals/LC=—~+ — 
aL s y q 


which is identical with equation 3, which 
was to be proved. 

Similarly it can be shown that the condi¬ 
tion for Z — 0 as given by equation 4 holds 
for any location along the line. 
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Self-Excited Oscillations of Capacitor- 
Compensated Long-Distance 
Transmission Systems 

R. B. BODINE C. CONCORDIA G. KRON 
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T HE transmission of electric power over 
long distances has been the subject of 
considerable study, 1 and it has been con¬ 
cluded that an effective way of increasing 
the permissible straightaway transmission 
distance is by means of series-capacitor 
compensation of part of the transmission¬ 
line inductive reactance. The introduc¬ 
tion of longer lines together with capaci¬ 
tor compensation brings up several tech¬ 
nical problems which must be considered 
if proper operation is to be assured. 
Studies of transient stability and switch¬ 
ing times following faults and of abnor¬ 
mal overvoltages which may result from 
interaction of line capacitance and trans¬ 
former exciting impedance at no load are 
presented in references 2 and 3 respec¬ 
tively. This paper presents the results of 
a study of hunting and self-excitation dur¬ 
ing normal operation as affected by line 
and machine characteristics. 

Previous work 4 and field experience 
have indicated the possibility of self- 
excited oscillations when synchronous 
machines are connected to capacitor- 
compensated circuits. It has been 
shown 6 that a high ratio of line resistance 
to reactance reduces the machine damping 
torque, and that the compensation of the 
line reactance by means of series capaci¬ 
tors increases the effective value of this 
ratio. It has also been shown 4 * 6 - 7 that 
series-capacitor compensation of line re¬ 
actance may lead to self-excited electrical 
oscillations as well as to mechanical rotor 
oscillations (hunting) under certain cir¬ 
cuit conditions. 

The series-capacitor-compensated long¬ 
distance transmission system is somewhat 
difficult to analyze directly in terms of 
previously developed criteria, as in this 
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case there is a considerable distributed 
shunt capacitance in addition to the series 
capacitance. This shunt capacitance has 
been neglected in previous mathematical 
analyses because of the analytical difficul¬ 
ties involved as well as for the reason that 
in the previously considered application 
to distribution circuits 4 the shunt capaci¬ 
tance was relatively small and unim¬ 
portant. Setting up and solving directly 
the complete differential equations of the 
system including a synchronous generator 
and compensated transmission line are 
impractical, if the transmission line is 
represented with any reasonable degree of 
exactness, as the order is extremely high. 
The alternative of setting up and studying 
a laboratory model, as reported in a recent 
paper 8 and as was done in a previous un¬ 
published study, was not considered 
desirable because of the difficulty of vary¬ 
ing system parameters. Instead it seemed 
preferable to develop and apply the 
method of equivalent circuits, using the 
a-c network analyser, which had already 
shown itself to be of practical value in 
other related studies. 9 * 10 The equivalent- 
circuit method has the advantage of ease 
of varying system parameters over a wide 
range, as in mathematical analyses, but 
with a minimum of calculation, as in 
model testing, since most of the results 
can be read directly on instruments. 
The network analyzer is particularly con¬ 
venient, compared to hand calculations, 
in the necessary setting up of initial con- 

Cn b..4_T3 t-Q 

SYNCHRONOUS MltES 1 MILES INFINITE 

GENERATOR SERIES SYSTEM 

CAPACITOR 

Figure 1. Series-capacitor-compensated trans¬ 
mission system 

Transformer reactance = ten per cent (each) 
Line reactance = 0.8 ohm per mile 
Line resistance = 0.08 ohm per mile 
Line capacitance = 5.2X10~ 6 mho per mile 
Generator x d = 110 per cent, x s = 74 per cent 
*d' = 37.7 per cent 

x rf " = 28.1 per cent, x ff " = 39.3 per cent (with 
amortisseur) 

Base kilovolt-amperes = 2.5X(kv) 2 


ditions, that is, machine excitations, 
fluxes, currents, and so forth, which vary 
with practically every change of any 
system parameters for a specified system 
load angle, or other condition. 

Conclusions 

1. A method of attack using equivalent cir¬ 
cuits set up on the a-c network analyzer has 
been developed which enables one to pre¬ 
determine from an equivalent circuit the 
possibility of self-excited oscillations in 
generators connected to series-capacitor- 
compensated long-distance transmission 
lines. A detailed study of any proposed 
installation can be made by this method, if 
it appears necessary from a preliminary in¬ 
spection. 

2. In the range of transmission line studied 
(up to 300 miles and fully compensated) 
hunting can be prevented by a proper gen¬ 
erator amortisseur without encountering 
electrical self-excitation. An amortisseur 
is necessary if hunting is to be avoided under 
all conditions, but self-excitation will not 
occur unless the line resistance is lower than 
for usual practical transmission lines. 

3. Rotor inertia has little effect on the 
significant regions of electrical self-excita¬ 
tion. 

Procedure 

Equivalent circuits for the synchronous 
generator and for the compensated trans¬ 
mission line during oscillations are de¬ 
veloped and described in the companion 
paper 11 and in reference 12, respectively. 
Only the procedure used in applying the 
method to the network analyzer will be 
discussed here. 

The system for which results are pre¬ 
sented is shown in Figure 1. It consists 
of a 300-mile transmission line terminated 
at both ends by a transformer of ten per 
cent reactance. A generator having the 
electrical characteristics of an average 
water-wheel generator is connected 
through the transmission line and trans¬ 
formers to an infinite bus. The damping 
and synchronizing torque coefficients 
T d and T s for a range of oscillation fre¬ 
quencies h have been obtained for several 
cases. The limits of stable operation are 
determined in terms of the stable ranges 
of generator inertia as follows. 

For the generator, the torque equation 
during sinusoidal rotor oscillations may 
be expressed as: 

(-Mh*+jhT d +T s )M=AT (1) 

where 

M =generator rotor inertia, per unit** 
4ir fH 

h =* oscillation frequency, per unit 
A5 = rotor angular oscillation 
A T - applied torque required to produce the 
oscillation A5 
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Figure 2. Equivalent circuits for transmission 
line connected to salient-pole synchronous 
machine 


At the boundary between stable and un¬ 
stable oscillations the total rotor torque 
must be zero ( aT= 0). Equation 1 then 
shows that T d must be zero, and T s must 
equal h 2 M (or ill must equal T s /h 2 ). 
Thus at each point where T d crosses zero, 
a limiting value of M may be found. For 
low values of h and positive T s it has pre¬ 
viously been shown that the system is un¬ 
stable for negative values of T d . This 
provides the information required to 
distinguish between the stable and un¬ 
stable ranges of rotor inertia. The magni¬ 
tude of the negative damping torque 
coefficient T d also provides a measure of 
the degree of instability, just as the 
magnitude of the positive damping torque 
coefficient is a measure of the amount 
of negative damping which can be toler¬ 
ated in the system. In the region of high 
oscillation frequency no such simple and 
foolproof criterion of stability can be 
found. 

From the previous studies (references 
4, 6, 7, 13), it is known that electrical 
self-excitation may occur even aside from 
rotor oscillations, that is, even with in¬ 
finite rotor inertia. In this case the 
electrical-network effective impedance 


becomes zero 14 at the self-excited oscilla¬ 
tion frequency, and the torque developed 
becomes infinite. If, however, the sys¬ 
tem will not self-excite except with a 
finite rotor inertia M t the limiting value of 
M may be found as described above. 
With any reasonable value of M the 
torques in the region of self-excitation are 
extremely great, and the transition from 
stable to unstable operation can thus 
easily be detected. 

The equivalent circuits required are 
shown in detail in references 11, 12, and 
15. Figure 2 shows the circuits as applied 
to the present case. Two points are to be 
noted in connection with the procedure 
used. First, the equivalent circuit for 
the transmission line is set up separately 
and its characteristic impedances and ter¬ 
minal voltages determined as indicated in 
Figure 2a over the desired range. These 
values are then used in the equivalent 
circuit for the synchronous machine, 
Figures 2b and 2c. Second, since the 
machine equivalent circuit as developed 
in references 12 and 15 can be so adjusted 
as to contain both positive and negative 
resistances but no capacitance, all im¬ 
pedance values are multiplied by a 
factor — j, resulting in the circuit shown 
in Figures 2b and 2c, which contains in¬ 
ductance, capacitance, and positive re¬ 
sistance over a good part of the range. 
The torque formulas undergo a similar 


Figure 3. Equivalent circuits for salient-pole 
synchronous machine connected to infinite bus 
through R-L-C tie 

transformation, as may be seen by com¬ 
paring Figure 2d with the formulas of ref¬ 
erence 12. For large values of the oscil¬ 
lation frequency h (that is, forh>(l — 
\/ x c /%i) approximately, where x t is 
the total line, transformer and machine 
armature leakage reactance), the im¬ 
pedance Z bh of Figure 2c has a negative- 
resistance component X 5 . These cases 
were handled by a method of superposi¬ 
tion, by first measuring the circuit im¬ 
pedance viewed from the A i b mesh and 
then making the necessary additional cal¬ 
culations by hand. 

Results 

Figures 4-7 show some of the results 
obtained. 

Figure 4 gives damping and synchroniz¬ 
ing torques for the system with line 
capacitance neglected. Here there is no 
possibility of purely electrical self-excita¬ 
tion, but it is seen that for oscillation 
frequencies in the range 0.5 <h< 1.0 the 
damping torque coefficient is negative, so 
that hunting will occur for rotor inertias 
which give natural frequencies in this 
range. From the formula M—TJh 2 , 
applied at the points of zero damping, the 
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Figure 4. Damping and synchronizing torque 
coefficients for synchronous machine con- 
n ct d t infinite bus through series resistance 
and reactance—at no load and with amortis- 
seur 


range of rotor inertias for which the sys¬ 
tem is unstable is 0.43 <M< 3.24, or in 
terms of the conventional inertia con¬ 
stantly =4?r/i2)> 0.00057 <H< 0.0043. 
These values are extremely small and en¬ 
tirely outside of any practical range, so 
the conclusion is that the system is stable. 
This would be expected for the machine 
considered, since it has an amortisseur. 

Figure 5 shows the effect of varying the 
amount of series-capacitor compensation 
for the same system as in Figure 4 but now 
considering the transmission-line capaci¬ 
tance. The line capacitance does not 
by itself affect the range of negative 
damping very much, as may be seen by 
comparing Figure 5a with Figure 4a. 
Figures 5b to 5d show that one effect of 
series-capacitor compensation is to extend 
the lower limit of rotor inertia for which 
the system is unstable to zero, as seen by 
the fact that T s becomes zero while T d is 
still negative. However, the upper limit 
is still extremely small; in the most 
severe case of full compensation of line 
and transformer reactance (x c =0.8, Fig¬ 
ures 5d and 5h) the greatest rotor inertia 
for which the system will be unstable 
is M - T s /h* = 5.05/(0.19) 2 = 140, or 
H = 0.186. 

The fact that T s becomes negative and 
that resonance points in both T d and T s 
occur at high oscillation frequencies does 
not mean that the system is unstable. 
The curves of hT d versus T s given in 
Figures 5e to 5h are useful in this respect 
as they exhibit a remarkable regularity, 
forming more or less circular curves in the 
resonance regions and thus serving as a 
good indication of the magnitude of the 
torque coefficients and the probable form 
of the T d and T s versus h curves in these 
regions. 

Figure 6 is similar to Figure 5 but for a 
generator with no amortisseur. The 
damping now becomes negative at a 
much lower oscillation frequency, cor¬ 
responding to a rotor inertia approaching 
practical values; Figure 7 shows the 
effect of load angle on the system of 
Figure 6. Even with 75 per cent load 
on the generator the system is still un¬ 
stable at rather low oscillation frequencies. 

In all of the cases considered above 



(a). No compensation, x c = 0(see Figure 5e) 
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(b). With series-capacitor compensation, 
x c = 40 per cent (see Figure 5f) 


3 » sc. 


i 

T” 









L_ 

T 

i 








A 


\ 

1 

II 






■1 

11 

» 

IE 

m 

IS 


■ 



■ 

■1 

1 

i 

■ 

El 

II 

m 




■n 

m 

ill 

an 

■ 




fiS 

m 

il 

m 

6 0.8 1.0 1.2 1 
P.U. OSCILLATION 

1 

m 

ill 

SB 

H 

m 


Ff 

«EQl 

ENC 

L_ 

Y 

■ 

n 

111 

IE 

■1 

in 




_ 


■i 

n 

1 

ll 


(c). With series-capacitor compensation, 
x c = 60 per cent (see Figure 5g) 



(d). With series-capacitor compensation, 
Xc^BO per cent (see Figure 5h) 

Figure 5. Damping and synchronizing torque 
coefficients for synchronous machine con¬ 
nected to infinite bus through 300-mile trans¬ 
mission line—at no load and with amortis¬ 
seur 


the armature and line resistance are so 
high that electrical self-excitation does 
not occur, in spite of the fact that a 
rather low (r/x— 10 per cent) line re¬ 
sistance was assumed. Previously 12 it 
had been concluded that the line resist- 


jQ4.__ _ •»« *e 



(e). No compensation, x c *=0 (see Figure 5a) 



(f) (left). With series-capacitor compensation, 
x c = 40 per cent (see Figure 5b) 

(s) (right). With series-capacitor compensation, 
x c = 60 per cent (see Figure 5c) 



(h). With series-capacitor compensation, 
x c -80 per cent (see Figure 5d) 


ance below which self-excitation could 
exist with infinite rotor inertia and zero 
shunt line capacitance was well below 
the actual probable value. The results 
presented above lead to this same con¬ 
clusion for an actual line and considering 
rotor inertia. As a quantitative check of 
the effect of rotor inertia the case of 
Figure 2, reference 12, has been set up and 
studied by the equivalent-circuit method, 
using the circuit of Figure 3. The results 
obtained show that the introduction of a 
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(a). With series-capacitor compensation; 
x c = 40 per cent 
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(b). With series-capacitor compensation, 
x c = 80 per cent 

Figure 6. Damping and synchronizing torque 
coefficients for synchronous machine con¬ 
nected to infinite bus through 300-mile trans¬ 
mission line—at no load and without amortis- 
seur 
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finite rotor inertia makes very little 
difference in the critical line resistance 
even for inertias considerably smaller 
than could actually exist. In terms of 
equation 1 and the curves of hT d versus 
T s , it is evident that T s must be practi¬ 
cally infinite at the boundary of self¬ 
excitation except for very small oscilla¬ 
tion frequency /z, since reasonable per 
unit values of inertia are always large. 
The series of curves of Figures 5e to 5h 
shows the growth of the lower circle as 
the compensation x c is increased and the 
region of electrical self-excitation is 
approached. At the critical value when 
self-excitation is just possible this circle 



(a). With series-capacitor compensation/ 
x c = 40 per cent 



(b). With series-capacitor compensation, 
x c = 80 per cent 


Figure 7. Damping and synchronizing torque 
coefficients for synchronous machine con¬ 
nected to infinite bus through 300-mile trans¬ 
mission line—at 75 per cent load and without 
amortisseur 


becomes infinite, and in the unstable 
region it curves upward rather than down¬ 
ward and so does not intersect the 
hT d — 0 axis. 
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Synopsis: In contrast to power arcs in air, 
for which the dielectric-recovery voltage de¬ 
creases with increasing arc current, arcs in 
air produced by surge currents of several 
hundred microseconds’ duration possess di¬ 
electric-recovery characteristics that vary 
only slightly with current magnitude and 
wave shape. Even when the discharge cur¬ 
rent is prolonged at low magnitude for as 
long as a thousand microseconds, the rate of 
dielectric recovery is little affected. For 
this condition at times when current as high 
as one ampere is flowing, the transient volt- ■ 
age required to convert to a high current arc 
is quite high. The mechanism for such a 
discharge is different than for the break¬ 
down of virgin air, and the initial arc drop 
is sufficiently high to record its transient 
character. It is about ten times the steady- 
state value at the time the crest current is 
reached and drops about 50 per cent in the 
first 20 microseconds. 

Photographic studies show that even at 
short-time intervals successive discharges 
do not follow exactly the path blazed by the 
initial discharge but occur in an air column 
of low dielectric strength expanding radially 
with time. It is indicated that the high arc 
temperatures diffusing in this region can be 
the principal factor determining the rate of 
recovery after the first 1,000 microseconds. 

A comparison is made with the mecha¬ 
nism of natural lightning particularly from 
recent data obtained on the low-magnitude 
portions of stroke currents between succes¬ 
sive components. Such records show that 
current does not always flow continuously 
between multiple-stroke components for 
strokes to objects of normal height. The 
maximum interval of recorded zero current 
is about 23,000 microseconds. The rates 
of recovery for spark gaps indicate that 
about 40,000 microseconds is the upper limit 
for which the dielectric strength of the 
stroke channel will be sufficiently low to 
insure successive breakdown in the same 
general region. 

The character of a lightning discharge 
initiating a power follow does not affect 
the rate of recovery after the power arc 
has been extinguished. Circuit reclosing 
times should be based primarily on the prob¬ 
ability of the duration of multiple strokes 
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and the probability of restriking for power 
arcs. 

Correlation of the rate of dielectric re¬ 
covery of air gaps with rates of system re¬ 
covery show that an appreciable number of 
transmission-line lightning flashovers can 
occur at such a time relative to the normal 
system voltage cycle that only a very short- 
duration fault is produced. The number is 
about 10 to 15 per cent for a typical 
system having a natural period of 1,000 
cycles which corresponds to a line about 
40 miles in length. This is about half of 
the flashovers which normally do not cause 
outages. The rest are due to cases where 
power arcs longer than one cycle are pro¬ 
duced but extinguish before a circuit- 
breaker operation, 

T HE rates at which large air gaps re¬ 
cover dielectric strength after dis¬ 
charging power-frequency currents and 
short-duration surge currents comparable 
to those produced by lightning are of 
fundamental importance in determining 
power-system performance. Some of the 
more important considerations are the 
factors governing the probability of 
lightning flashovers producing power 
follow, the probability of power follow 
producing an outage, and the minimum 
safe reclosing time after a circuit inter¬ 
ruption. Because of the similarity be¬ 
tween long arcs and the mechanism of 
natural lightning, data on the electrical 
characteristics of the arc path after an 
initial discharge and the character of 
subsequent discharges should also give 
information on the mechanism of multiple 
strokes. Despite its fundamental value, 
very meager data are available on the 
rates of dielectric recovery of large gaps, 
especially for initial discharges having 
the character .of lightning currents. 
Most studies have been confined to 
power arcs in very small gaps where arc 
conditions are quite different. 

For the study of surge current dis¬ 
charges in large air gaps a method of syn¬ 
chronizing two generators has been de¬ 
veloped so that surge current discharges 
can be produced in a gap and controlled 
surge voltages applied after specified 
time intervals. Data have thus been ob¬ 
tained for 6- and 11-inch rod gaps on the 
voltage necessary to produce a second 
discharge as a function of the time inter¬ 
val after the first. Eleven inches was the 


maximum spacing which could be tested 
with the facilities available. With nega¬ 
tive polarity throughout, a wide range of 
initial current magnitudes and wave 
shapes was studied, the subsequently 
applied voltage having the standard 
iy 2 x 40 wave shape. The same ter¬ 
minology (critical voltage), as used for 
the minimum breakdown in virgin air, is 
applied to the minimum breakdown after 
an initial discharge. This should lead to 
no confusion as long as the time interval 
after the initial discharge is specified. 
By raising the voltage above the critical 
value, volt-time curves were also obtained 
in the same manner as those for break¬ 
down in virgin air. Through the use of a 
high-speed rotating camera and still 
cameras, data were also obtained on the 
visual characteristics of the initial and 
subsequent discharges. 

Test Circuit 

A schematic diagram of the surge gen¬ 
erator circuits is shown in Figure 1. The 
initial discharge through the test gap is 
produced by the current generator and the 
subsequently applied potential by the 
voltage generator. The two generator 
trip circuits are synchronized by a rota¬ 
ting switch. As shown in Figure 1, the 
tripping cycle is started by shorting out 
gap A. When the arm of the rotating 
switch next passes through gap B the 
tripping circuit for the current generator 
is discharged. When the arm passes 
through gap C, the tripping circuit for the 
voltage generator is discharged, providing 
gap B is still passing current, which is 
assured by making the time constant of 
the first circuit long enough for the de¬ 
sired range of time intervals. In this 
way the two generators can be dis¬ 
charged only in the proper sequence. 
The time interval is controlled by the 
spacing between gaps B and C and the 
speed of the rotating arm driven by a 
variable-speed motor. 

During the discharging of the current 
generator, the voltage generator must be 
isolated from the test circuit. The gap 
D of Figure 1 must have a higher break¬ 
down value than the test gap, so that the 
voltage generator will not be prematurely 
discharged. The larger gap requires a 
higher discharge voltage than is to be 
applied to the test gap, and thus, as 
shown in the figure, only a portion of the 
generator voltage is tapped from the 
potentiometer circuit. If the impedance 
of the current generator is high enough 
that it does not distort the voltage of the 
voltage generator discharging through it 
in parallel with the test gap, the gap E 
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may flash over on the second discharge. 
However, as most high current generators 
are of low impedance, gap E must have 
a higher breakdown value than the test 
gap during the second discharge. If such 
a large gap spacing will not permit the 
initial discharge of the current generator, 
a fiber tube and fuse wire can be used to 
permit the current generator to discharge 
before isolating it for the voltage genera¬ 
tor discharge. 

Dielectric-Recovery Voltage for 
Initial Discharges of Short 
Duration 

The wave shapes of the initial discharge 
currents studied can be conveniently 
classified into two groups. The first 
group had durations less than 100 micro¬ 
seconds and were short compared to the 
time interval between the initial dis- 


The discharges with only instanta¬ 
neously high currents were produced with 
a high-voltage generator of low capacity 
and a high series resistance in the dis¬ 
charge circuit which limited the current 
flowing from the generator itself to a 
relatively low value. However, as pre- 
, vious work has shown, the discharge 
1 mechanism for large air gaps is quite 
similar to that of natural lightning. 1-8 
The initial current flowing at the elec¬ 
trodes at the breakdown of an air gap is 
produced by streamers propagating from 
one or both electrodes and distributing 
charge along the channel which they 
blaze. When these two leaders meet, in¬ 
tense “return streamers” are formed 
which propagate back to the gap elec¬ 
trodes and rapidly discharge the charge 
in the gap. For applied voltages similar 
to the standard iy 2 x 40 wave, the whole 
process takes place in less than a micro¬ 
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Figure 1. Schematic diagram of 
surge generators and synchro¬ 
nizing trip circuit 


charge and the application of voltage. 
The second had durations of the same 
order of magnitude as the time intervals, 
and at the lower range of intervals current 
was still flowing when voltage was applied. 
The shortest time interval between the 
beginning of the current discharge and 
the application of voltage that could be 
consistently reproduced with the rotating 
gap was about 500 microseconds. The 
initial discharges of short duration will be 
considered first. In Figure 2 are given 
the wave shapes of the currents which 
were used for the two gap lengths studied. 
As shown by Figure 2a, the currents for 
the six-inch gap spacing involved crest 
magnitudes ranging from 1,390 amperes 
to 23,000 amperes and charges ranging 
from 0.002 to 0.238 coulomb. Wave 
shapes of two general types were used— 
one in which the high current lasted only 
a fraction of a microsecond, and the other 
in which the high current was maintained 
for five or ten microseconds. This was 
done to determine the effect of the two 
factors—magnitude and duration. 


second. The high peak in the measured 
current occurs when the return streamers 
reach the gap electrodes, and the current 
which flows for the next fraction of a 
microsecond depends upon the charge in 
the air gap. After this initial charge is 
dissipated, the current is determined by 
the surge-generator circuit. Thus, for 
surge generators of low capacity and high 
discharge resistance, the current rapidly 
drops to a much lower magnitude des¬ 
ignated in Figure 2 as the steady crest 
magnitude. The current waves A , B } D , 
and H were produced in this way. A 
high current generator of much greater 
capacity and lower discharge resistance 
was used to produce current waves C , E, 
F, and I, for which the sustained current 
magnitude is approximately the same as 
the initial crest. 

In Figures 3 and 4 are given data ob¬ 
tained on the critical voltage as a function 
of time interval after the initial discharge, 
and in Figure 5 are typical volt-time 
curves. For each time interval these data 
were obtained in the same manner as 


normally used for volt-time curves ex¬ 
cept that no correction was made for 
atmospheric conditions since the signifi¬ 
cance of this factor is not known. How¬ 
ever, all data were taken under sub¬ 
stantially uniform conditions, the relative 
air density varying between 0.994 and 
1.01 and the absolute humidity between 
0.152 and 0.426 inch of mercury vapor 
pressure. 

Consistency of Breakdown 

Caused principally by variations in 
ionization conditions, the breakdown of 
an air gap is not a single fixed value. 
There is a certain probability which deter¬ 
mines the critical breakdown. If virgin 
air has less ionization than for a given 
period after an initial discharge, it would 
be thought that the variation of indi¬ 
vidual values from the critical would be 
appreciably less. Although no attempt 
was made to determine probability curves 
of breakdown, some information is con¬ 
tained in the data obtained for volt-time 
curves. For several cases the voltage was 
first set considerably below the break- 




(a). 6-inch rod gap 



Figure 2. Wave shapes of initial current dis¬ 
charges of short duration. Negative polarity 


Wave 

Initial Crest 
Amperes 

Steady Crest 
Amperes 

Charge In 
Coulombs 

/4... 

... 1,390.... 

.... 532... 

. ...0.005 

£?..., 

,... 1,710.... 

. .. 850.... 

....0.002 

C... 

. . . 4,780.... 

.... 5,690... 

....0.024 

D.... 

.... 5,560... , 

, ... 2,000.... 

....0.008 

E.... 

.... 6,600... 

- 7,720.... 

....0.038 

F .., 

. . . .23,000.. . 

. . . .19,100.... 

....0.238 

H... 

... 4,630.... 

.... 1,400... 

. . . .0.006 

/.... 

... 4,900... 

- 5,680.... 
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TIME INTERVAL IN THOUSANOS OF MICROSECONDS 


(a). 6-inch rod gap 



TIME INTERVAL IN THOUSANOS OF MICROSECONOS 

(b). 11-inch rod gap 

Figur 3. Critical breakdown voltage as 
function of time after initial discharges of 
Figure 2 

Second applied voltage negative 1 1 / 2 x40 
wave 


down value, then raised in about two per 
cent steps, taking in some instances five 
and in others ten shots at each voltage. 
This provided data on the percentage 
variation, either in the minimum voltage 
that would produce breakdown, or the 
maximum that would not, from the mean 
or critical breakdown. These data 
showed, for time intervals below 1,000 
microseconds, a maximum variation of 
about 20 per cent from the critical break¬ 
down. Above 1,000 microseconds the 
maximum variation was about 13 per 
cent, and no trend was observed with 
time interval. However, in only four 
cases out of 30 was it over ten per cent 
and in only 13 over five per cent. Some 
of this variation might be due to irregu¬ 
larities in time interval as controlled by 
the rotating switch. However, for a 
given setting, the time interval did not 
vary more than about dfc 25 microseconds 
which even at the lower range of time 
intervals would not, as shown by Figure 
3, produce a variation in critical break¬ 
down voltage of more than about two 
per cent. It is interesting that for inter¬ 
vals above 1,000 microseconds the spread 
of breakdown voltage for individual shots 
is no greater than observed when obtain¬ 
ing normal volt-time curves for virgin 



Figure 4. Critical breakdown for various time 
intervals as function of gap spacing 


Wave C for 6-Inch gap and wave / for 11-Inch 
sap 

air. This indicates that little ionization 
is left in the gap. 

Probable Accuracy 

The consistency with which the critical 
breakdown could be duplicated was 
about five per cent, and this is thought to 
be a conservative estimate of the prob¬ 
able accuracy of the curves of Figure 3. 
The accuracy of three points on Figure 
3a for wave D at time intervals above 
9,000 microseconds are considered ques¬ 
tionable, because difficulty was experi¬ 
enced with synchronization of the trip 
circuits when they were obtained. 

Effect of Initial Discharge Current 

The curves of Figure 3 show that the 
critical breakdown voltage varies in a 
somewhat exponential manner with the 
time interval, increasing much more 
rapidly during the first 2,000 or 3,000 
microseconds than thereafter. However, 


despite the wide range of initial discharge 
currents. The maximum deviation from 
a mean occurs at the lower range of time 
intervals but is less than 20 per cent. 
After 5,000 microseconds it is less than 
ten per cent. Considering a mean curve 
for the six-inch gap, recovery to 50 per 
cent of the initial voltage strength occurs 
in about 2,500 microseconds and to 87 
per cent in 13,000 microseconds. Since 
the deviation of the curves from one 
another is of the same order of magnitude 
as the accuracy of the data, it is difficult 
to determine the effect of current wave 
shape. As shown in Figures 2a and 3a, 
the higher the initial crest or the steady 
crest current, the lower the recovery 
voltage, except for the curves for waves 
C and D. Current magnitude appears to 
have more effect than charge, since some 
of the waves of higher initial current 
have much lower charge. 

The manner in which the critical break¬ 
down voltage for various time intervals 
increases with gap spacing is shown in 
Figure 4, where 6-inch and 11-inch rod- 
gap data for as nearly the same initial 
discharge current as could be reproduced 
are plotted. The data indicate that for 
any time interval the critical breakdown 
is approximately proportional to gap 
spacing. The volt-time curves of Figure 
5 which are typical of those obtained 
show little relative flattening out with 
decreasing time interval. It might be 
expected that as the ionization remaining 
in the gap increases with decreasing time 
interval, the volt-time curves would be¬ 
come markedly flatter. Below about 
2,000 microseconds they flatten out in 
regard to absolute differences in voltage 
but not in relative voltage change. Above 
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Figure 6. Wave shapes of initial discharges 
of long duration 


3,000 microseconds the curves are ap¬ 
proximately the same shape simply dis¬ 
placed in magnitude. This is further 
indication that little ionization is present 
at these time intervals. 

Recovery Voltages for Initial 
Discharges of Long Duration 

The current waves of Figure 6 were 
produced with the surge generator of low 
capacity and series resistance consisting 
of a linear resistance in series with a 
number of arrester blocks. This provided 
a relatively low resistance at high currents 
but a very high resistance at low currents, 
thus tending to prolong the tail of the dis¬ 
charge. For the six-inch gap the current 
duration above the lower limit of record¬ 
ing sensitivity of 0.1 ampere is 1,000 
microseconds. For the 11-inch gap it was 
only possible to prolong it for 600 micro¬ 
seconds, because more of the charge was 
needed in the gap at the instant of break¬ 
down. This is shown by the higher 
initial crest in this case. The low current 
tails were recorded oscillographically with 
a nonlinear shunt having very high im¬ 
pedance at low currents and also by 
means of a high-speed photographic 
recorder. 4 (See Figure 6a.) 

The critical breakdown curves obtained 
are shown in Figure 7 compared with 
those for discharges of short duration 
having the most nearly identical initial 
crest magnitudes. The data for the long- 
duration discharges are plotted for two 
different definitions of time interval; 
that defined as the time between the 
beginning of both the initial discharge and 
subsequently applied voltage and that as 
measured from the end of the initial dis¬ 
charge to the beginning of the applied 
voltage. It is interesting that when this 
shift is made in the points, they lie very 
close to the curves for the initial dis¬ 
charges of short duration except at time 


intervals where the initial current is still 
flowing at the application of voltage. 

Breakdown When Current Is Still 

Flowing 

As the time interval was lowered, it 
was found that although current con¬ 
tinued to flow from the initial discharge, 
an appreciable voltage was still necessary 
in order to produce a second discharge. 
The breakdown was more erratic, but a 
definite critical value could be obtained. 
At 500 microseconds for the six-inch gap 
when about one ampere was flowing, the 
critical voltage was about five kilovolts 
and, for the 11-inch gap with about 0.4 
ampere, 40 lev. The nature of the break¬ 
down under these conditions is also in¬ 
teresting. Oscillograms of the two dis¬ 
charge currents and the second voltage are 
shown in Figures 8 and 9, During the 
period of breakdown the decrease in volt¬ 
age is very gradual requiring several 
microseconds to drop to a relatively low 
voltage characterized by a fairly stable arc 
drop, but during the whole recorded 
period of voltage, it continues to decrease 
at a lesser rate. As higher voltages are ap¬ 
plied, the period characterized by the 
more rapid drop in voltage becomes 
shorter until at twice the critical value it is 
practically instantaneous. The arc drop 
for the following period is also much lower, 
too low to record. As shown by the oscillo- 



(a). 6-inch rod gap 















-O— 
































y 

7 * 











WAVE 


r 












/ 

4m 

E J 


WAVE J TWO POINTS INDICATE 

— 


ff 




MEASURED from 
OF INITIAL DISCH 

BEGINNING OR END 
ARGE 

4 









r 





1 














f 







- 



— 





_ 







2 4 6 8 10 12 |4 
TIME interval in thousands of MICROSECONDS 


(b). 11-inch rod gap 

Figur 7. Comparison of voltage-recovery 
curves for short- and long-duration discharges 


grams of Figures 9b and 9c, the current in 
the second discharge rises slowly in the 
initial period corresponding to the slower 
rate of drop of voltage and increases more 
rapidly as the voltage drops more rapidly. 
The voltage and current relations are 
shown more clearly in Figure 10a which 
is a replot of Figures 9b and 9c super¬ 
imposed. The character of the discharge 
current is quite different under these 
conditions than for normal breakdown. 
In the latter case, the path is first made 
partially conducting by initial leaders 
before the breakdown is completed by 
the return streamer process, which results 
in a high instantaneous flow of current 
and practically instantaneous drop in 
voltage. In this case, however, where 
considerable ionization exists because of 
the small flow of current, the transition 
from the low-conducting to high-conduct¬ 
ing conditions is more gradual and uni¬ 
form. The initial crest current character¬ 
izing the final breakdown of the gap is 
less pronounced and of longer duration. 
Comparison of the current in the second 
discharges of Figures 8 and 9 shows that 
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Figure 8. Current and voltage oscillograms 
when initial discharge is of long duration 

6-inch rod gap. Wave G of Figure 6a 
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Figure 9. Current and voltage oscillograms 
when initial discharge is oF long duration 

11 -inch rod gap. Wave J of Figure 6b 

this initial crest increases with the time 
interval between discharges. The gradual 
transition of the arc path may have been 
influenced by the character of the voltage 
surge-generator circuit. The series re¬ 
sistance had to be fairly high, since only 
a small fraction of the potentiometer 
could be tapped off in producing the low 
discharge voltages. This could have 
produced appreciable regulation. 

A measure of the effective impedance 
of the arc during the various stages can be 
obtained by determining the “effective* r 
resistance from the current and voltage 
oscillograms. Such data are shown in 
Figure 10b. Synchronized simultaneous 
records were not obtained for each dis¬ 
charge; however, as shown by Figure 8b, 
the results could be duplicated with a 
good degree of consistency. It was found 
that for the initial discharges of Figure 
6 the steady crest magnitude of the 
current in the second discharge was about 
five amperes for both gap spacings and 
essentially constant for a variation of 
time interval of as great as 300 micro¬ 
seconds. The arc resistance is, of course, 
quite high before the start of the second 
discharge, decreasing to about 1,800 
ohms per foot for the 11-inch gap and 


1,200 ohms per foot for the six-inch gap 
at the peak of the discharge current. 
Then it decreases more gradually. At 
the end of about 20 microseconds it is 
reduced by about 50 per cent. It is of 
interest to compare the arc under these 
transient conditions with that of stable 
arcs. After the arc has been established 
at the crest of the discharge current, the 
arc drop is about 9,000 volts per foot for 
the 11-inch gap and 6,000 volts per foot 
for the 6-inch gap. Although it is de¬ 
creasing rapidly, it has not at the end of 
20 microseconds dropped to anywhere 
near the normal value of 400 or 500 volts 
per foot, which is typical of steady-state 
conditions for arc currents of this magni¬ 
tude. 5 

Photographic Study of the Arc Path 

Photographic studies were made of the 
arc path by means of the high speed ro¬ 
tating camera and two still cameras 
mounted so as to photograph the arc 
from directions 90 degrees apart. Typi¬ 
cal records are shown in Figure 11. 
About 250 microseconds is the shortest 
time interval for which a record could be 
obtained because the arc luminosity was 
too low to photograph for the very small 
currents resulting in the second discharge. 
As shown in Figure 11a, the path of the 
second discharge is not identical with 
that of the first for times as short as 250 
microseconds. It diverges more and more 
as this time interval is increased. Up to 
about 2,000 microseconds the second dis¬ 
charge maintains the major bends of the 
first, but after about 5,000 or 6,000 
microseconds it has departed entirely 
from the characteristics of the original 
path. Figures 11a and lib show the 
second arc path to be more tortuous than 
the first. As shown by the sets of two 
still photographs, the second discharge 
follows a more or less winding path in a 
given cylindrical volume of air surround¬ 
ing the original path, the radius of which 
increases with time as this volume of air 
with lower dielectric strength expands. 

In Figure 12 an attempt was made to 
show the divergence of the two paths as 
a function of time. On this curve are 
plotted points representing the average of 
at least five records of the maximum three 
dimensional divergence of any part of the 
second arch path from the first. These 
data were obtained fi;om simultaneous 
photographs taken with the two still 
cameras. For the short-duration dis¬ 
charges, divergence is more or less inde¬ 
pendent of the character of the initial 
discharge or of the gap spacing, and all 
the points lie close to a single curve for 


time intervals up to about 7,000 micro¬ 
seconds. After this, they diverge widely. 
For the long-duration discharges the 
divergence, when plotted as a function 
of time interval after the end of the first 
discharge, also conforms closely to the 
same mean curve except for the point at 
lowest time interval, for which current is 
still flowing. Then, although the arc 
path is still conducting current, the sub¬ 
sequent path blazed by the second dis¬ 
charge is not identical with that of the 
first which, as photographed, is probably 
the arc path formed during the initial high 
current portion of the discharge. During 
the longer period in which the lower cur¬ 
rent magnitude exists, the conducting core 
is expanding radially, and the current 
density is probably greatly decreased. 
This may contribute to some extent to 
the appreciable critical voltages when 
current is still flowing. 

Mechanism of Recovery 

The curve of Figure 12 gives a measure 
of the rate at which the conditions of low 
dielectric strength set up by the discharge 
in the arc path are expanding radially. 
The two principal conditions which may 
be contributing to the lower dielectric 
strength of this expanding region are high 
temperature and ionization. Both effects 
will propagate radially into successively 
larger volumes of air. As this heat and 
ion diffusion takes place, together with 
ion neutralization by recombination, the 
dielectric strength of the air should in¬ 
crease. Since both of these conditions 
are so interconnected, it has always been 
difficult to separate them for study. 
Browne, 5 however, has obtained data 
indicating that the ionization effect 
cannot be appreciable after the first 100 
microseconds for short a-c arcs between 
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Figure 10. Voltage and current characteristic 
of discharges produced before or shortly after 
end of initial discharge 
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Figure 11. Multiple discharges showing rela 
tion between the two arc paths 


PHOTOGRAPH ROTATING CAMERA RECORD 



parallel brass electrodes. Although this 
condition is quite different than for long 
arcs where electrode effects are much less, 
the consistency of breakdown and the 
character of the volt-time curves lead 
one to suspect that the temperature effect 
is also predominant for long arcs and 
short surges, at least for time intervals 
above 1,000 microseconds. 

It is realized that turbulence and other 
factors insufficiently known by the 
authors make an analytical study of the 
problem difficult. However, some very 
approximate calculations have been made 
of temperature variation with time. 
Curve A of Figure 13 is a mean curve for 
the rate of voltage recovery of the six- 
inch rod gap. Curve B is a plot of tem¬ 
perature variation with time determined 
from curve A on the assumption of con¬ 
stant pressure throughout the air column 
and thus, that the dielectric strength of 
the air is inversely proportional to tem¬ 
perature. The starting point for the cal- 


11-inch rod gap 

(a), (b). Wave / of Figure 2b 

(c). Wave H of Figure 2b 

culation was the critical breakdown volt¬ 
age at normal room temperature. It is 
interesting that such a curve gives tem¬ 
peratures at the lower range of time in¬ 
tervals that correspond to those normal 
for arcs. 

Any attempt at a rigorous calculation 
of rate of ion or temperature diffusion 
could not account for turbulence and 
would always give the highest ion density 
or temperature at the original arc core. 
Thus, successive discharges should always 
follow the same path blazed by the first. 
Such calculations for heat diffusion, 
assuming cylindrical symmetry and con¬ 
stant gas density, specific heat, and 
thermal conductivity, indicate rates of 
temperature drop of the same order of 
magnitude as given by curve B of Figure 13, 
but somewhat more rapid. It is probably 
the extreme condition of turbulence which 
produces localized regions of low dielectric 
strength of a more or less random distribu¬ 
tion throughout a certain region whose 
radius is given by Figure 12. 

Because of this, it was thought that 
perhaps the only analysis which was 
warranted was merely the very crude one 
based on the assumption that the heat 
produced in the original arc column re¬ 
sides at any time interval in a cylindrical 


column of air given by the radius of 
Figure 12 for that time interval and that 
the temperature in the column is uniform. 
Curve C of Figure 13 was calculated on 
this basis, starting with a temperature 
of 4,000 degrees Kelvin and a radius of 
0.13 inch at a time interval of 250 micro¬ 
seconds. It conforms quite closely to 
curve B. This is not necessarily con¬ 
firmation of the accuracy of either curve, 
but it is believed to indicate that the 
temperature of the air column alone can 
account for the rate of voltage recovery. 

Mechanism of Natural Lightning 

Photographs of natural lightning taken 
with the Boys camera or similar devices 
imparting the time element to the record 
indicate that all components of a multiple 
stroke follow the same path except in rare 
cases when a component discharge will 
follow the original path part way to earth, 
then depart entirely from it. A record of 
a typical multiple stroke obtained in the 
Westinghouse investigation is shown in 
Figure 14. However, deviation of a 
fraction of an inch or even several inches 
cannot be distinguished on such records 
and probably do exist. 

The rates of voltage recovery which 
have been obtained indicate that the 
time intervals between components can 
be high enough (ranging from 0.0005 to 
0,5 second 9 ) that, unless low current flows 
for an appreciable portion of the inter¬ 
vening period, the subsequent discharge 
should not always follow the same path. 
From evidence provided by strokes to 
very tall objects, Bruce and Golde 10 have 
concluded that current must flow con¬ 
tinuously between components. How¬ 
ever, four records have been obtained with 
the photographic surge-current recorder 4 
of multiple strokes to low objects. Two 
of these records are shown in Figure 15. 
This device is capable of measuring cur- 


Figure 12 (left). Curve 
showing variation of second 
arc from initial arc path as 
function of time interval be- 4 ooo 
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rents as low as 0.1 ampere, and for all of 
the records there is an appreciable period 
between at least two components in which 
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Figure 14. Record of multiple stroke to 
open ground 


no current was measured. It is interesting 
that none of these periods has exceeded 
about 23,000 microseconds. The extra¬ 
polated voltage-recovery curves of Fig¬ 
ure 3b indicate that, for stroke currents 
of the general character studied, 30,000 
to 40,000 microseconds should be about 
the upper time-interval limit for zero cur¬ 
rent between successive components. 
Otherwise, the dielectric strength of the 
original stroke channel will have suffi¬ 
ciently recovered that the subsequent dis¬ 
charge might take a totally different path. 
However, some of the strokes which have 
been measured 9 have continuing currents 
of such high magnitude and duration that 
their rate of recovery may be appreciably 
lower. 

Records of strokes, such as Figure 14, 
show extreme fluctuations of luminosity 
as a characteristic condition in the stroke 
channel. The long-duration stroke com¬ 
ponent in Figure 15 shows a similar wide 
range of fluctuation of current which is 
probably associated with such luminosity 
variations. 

Comparison With Rate of Dielectric 
Recovery for Power Arcs 

The rapid rate of recovery and small 
dependence on current magnitude for 
surges of short duration are in consider¬ 
able variance with results that have been 
found for power arcs. Rates of recovery 
for 60-cycle arcs have been determined 
only for very short gaps (one to ten 
millimeters) where electrode effects and 
field considerations are quite different. 6 ' 7 
These data for currents of the order of 
five to ten amperes show-rates of recovery 
as rapid as those for short-duration surges. 
However, as the power current is in¬ 
creased, the rate of recovery drops 
rapidly. For currents above 100 am¬ 
peres such data indicate that an appreci¬ 
able fraction of a second is required for 
recovery to anywhere near the original 
strength of the gap. 

Evidence that this is also the case for 


long arcs is provided by tests of Griscom 
and Torok 8 in which the probability of 
restriking was determined for gap spac- 
ings of the order of 10 to 100 inches. 
Arcs with currents ranging from 800 to 
1,500 amperes were started with fuse wire 
and allowed to continue for a period of 
about nine cycles, which should have been 
sufficient to eliminate the effect of the 
vaporized wire. The arc was interrupted 
and voltage reapplied after various time 
intervals to determine the probability 
of restriking. The voltages were those 
of transmission lines with conductor 
spacings equal to the gap spacings and 
were thus about 25 per cent of the normal 
gap breakdown voltage. Nevertheless, 
the probability of restriking was found to 
be appreciable for periods as long as five 
or six cycles. 

Except for the time element introduced 
by multiple strokes of appreciable dura¬ 
tion, the character of the power-follow 
current, since it produces such slower 
rates of recovery than the initiating 
lightning flashover, should be the prin¬ 
cipal factor governing circuit-reclosing 
times. Reclosing times should thus be 
based on the probability of the duration 
of multiple strokes 9 and the probability 
of restriking for power arcs. 

Probability of Lightning Flashover 
Producing Power Follow 

The high rate of dielectric recovery 
for surge-current discharges in air gaps 
suggests that, for lines where flashover 
will occur in air at atmospheric pressure, 
an appreciable percentage of the flash- 
overs that do not cause an outage may be 
lightning flashovers that produce a dis¬ 
turbance of very short duration. That 
this is the case is shown by an analysis of 
system recovery voltage conditions for 
lightning flashover. . Stroke components 
of sufficiently short duration can cause 
flashover on a certain portion of the nor¬ 
mal conductor voltage cycles and pro¬ 
duce a current zero occurring in a rela¬ 
tively short time. The current flow in 
the gap will be such that the rates of 
dielectric recovery are' comparable to 
those of Figure 3 and lying above the 
system recovery volt-time curve. 

There are two conditions for which 
such rapid arc extinction will occur. The 
first of these is illustrated in Figure 16a 
for which the lightning flashover occurs at 
a time (T) before and close to the time of 
normal zero system voltage. If the dura¬ 
tion the of lightning discharge were negli¬ 
gible, the fundamental-frequency fault 
current would have, as shown in Figure 
16a, an initially low magnitude followed 


quickly by a current zero. The magnitude 
and duration of this current and the 
magnitude of the fault recovery voltage 
increase with the time ( T ). The recovery 
voltage curves as a function of ( T ) have 
been determined with the a-c network 
calculator 11 for a typical simple system 
having a natural frequency of 1,000 cycles 
per second. This corresponds to about 
a 40-mile line. The system recovery 
voltage curves are shown in Figure 16b 
compared with the dielectric-recovery 
curves for two ratios of insulation level to 
normal crest system voltage, four times 
normal and six times normal. As shown 
by this figure, the maximum time T for 
which the system recovery curve lies be¬ 
low the dielectric-recovery curve is about 
1,100 and 1,700 microseconds for the re¬ 
spective insulation levels. This condition 
can be produced by stroke currents with 
polarity either the same or opposite to the 
initial normal frequency fault current. 
It can thus occur on either half-cycle. 
If the duration of the lightning discharge 
does not tend to shift the normal current 
zero, these recovery curves can be applied 
to surges of appreciable duration. A 
calculation of the probability of flash¬ 
overs not producing power follow was 
made on the conservative assumptions 
that they could be produced by single- 
component strokes only, having dura¬ 
tions less than the time from the instant 
of flashover to the time of normal-fre¬ 
quency current zero. With the data 
available on the probability of multiple 
strokes and stroke-component durations 9 
such an analysis indicates probabilities 
of flashovers not producing power follow 
of five and nine per cent. 

Lightning flashover occurring shortly 
after normal system voltage zero will 
produce a current zero in a short time if 
it is the opposite polarity to the normal- 
frequency fault current. Thus on the 
assumption that strokes are predomi¬ 
nantly negative there is a certain period 
on every other half-cycle when this condi¬ 
tion can take place. Neglecting the effect 
of the initiating transient, the system re¬ 
covery voltage curve, as a function of the 
time of current zero after normal system 
voltage zero can be estimated for this case 
by considering its crest to be twice the 
normal system voltage at the instant of 
current zero. It reaches crest in 500 
microseconds for the system considered. 
Such an assumption indicates that the 
percentage of strokes which will not pro¬ 
duce power follow are three and five, re¬ 
spectively, for the two insulation levels. 
This gives a total of 8 and 14 per cent of 
strokes causing flashover with disturb¬ 
ances of only short duration. The 


January 1943, Volume 62 


McCann , Clark — Dielectric-Recovery Characteristics 


Transactions 51 



-10 0,0001 


10.000 


[6600 


co 

Ll) 


D. 

2 

< 


1000 



0 



,5000 


10,500 


DURATION LESS 
0.0025 SEC/ 


—1—-1-1-r~ 

0.01 0.02 0.03 0.04 

TIME IN SECONDS 


0.05 



Figure 15 (left). 
Current in multiple 
lightning strokes to 
85-foot fire towers as 
obtained with photo¬ 
graphic surge-current 
recorder 4 

Figure 16 (right). 
Condition for light¬ 
ning flashover on 
transmission line 
causing only short- 
duration disturbance 

Dielectric - recovery 
curves obtained from 
Figure 3. 4XNrep¬ 
resents air-gap insu¬ 
lation level four 
times normal crest 
system voltage 


system voltage 




DIELECTRIC RECOVERY 
VOLTAGE 



lb) COMPARISON OF OATES 
OF DIELECTRIC ft SYSTEM 
VOLTAGE RECOVERY 


G.D. McCann. Electrical Engineering, volume 
60, August 1941, page 374. 
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Fire Towers, G. D. McCann. Electrical South, 
June 1942, page 34. 

5. Elektrisciie Messungen au Lagicn GlkioiI' 
stromlichtbogen in Luft, A. Von Engel. Zeit 
schrift filr Technische Ptiysin (Leipzig, Germany), 
volume 10, 1929, page 507. 


probability of rapid arc extinction will in¬ 
crease with the ratio of the insulation level 
of the line to the line voltage and with the 
length of the line or reduction in its 
natural frequency. 

Data 12 have been obtained showing the 
percentage of system disturbances whose 
duration is one cycle or less. These data 
show an average of about eight per cent 
of such disturbances for steel tower lines 
and about 20 per cent for wood-pole lines. 
These short-duration disturbances are 
probably of the nature of those discussed 
above. Good agreement is shown for 
steel lines where the flashover path is con¬ 
fined entirely to air. The higher per¬ 
centage for wood-pole lines confirms other 


data indicating that wood insulation has 
greater extinguishing power than air 
alone. Additional data 9 available on the 
ratio of flashovers to outages on steel 
tower lines indicate a range of from 15 to 
35 per cent for the proportion of total 
flashovers not producing outages. Thus 
it is indicated that about half of the flash¬ 
overs not causing a fault are these very 
short-duration disturbances. 
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Formulas for the Calculation of the 
Inductance of Linear Conductors of 
Structural Shape 
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T HE mechanical and electrical ad¬ 
vantages stemming from the use of 
linear conductors of structural shape* are 
so marked that, at present, most busses 
for heavy current duty are constructed of 
such conductors. Thus, standard de¬ 
signs of single and polyphase busses 
utilize strap conductors of full rectangular 
cross section, tubular conductors of hollow 
rectangular cross section, or ventilated 
conductors of open hollow rectangular 
cross section—these last built up of two 
slightly separated channels or four 
slightly separated angles placed flange to 
flange, or of multiples of four thin strap 
conductors. Again, limited construction 
of a somewhat more specialized type of 
bus has resulted from .Arnold’s 1 discovery 
that minimum eddy-current losses are 
attained in a single-phase circuit if, of 
the conductors commercially available, 
the bus is constructed of two properly 
chosen channels placed back to back. 
Finally, the use, in shielded busses, of 
conductors of T and I cross section is not 
unknown. 

Yet, despite the use of these various 
types of conductors, explicit formulas for 
calculating the inductance—and thence 
the reactive voltage drop, often the deter¬ 
mining factor in the design of a heavy cur¬ 
rent bus—seemingly are available for only 
the first two types of conductors: those 
of full and those of hollow rectangular 
cross section. Papers by Arnold, 2 Carl- 

paper 43-11, recommended by the AIEE committee 
on basic sciences for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 

October 26, 1942; made available for printing 
November 16, 1942. 

Thomas James Higgins is associate professor of 
electrical engineering, Illinois Institute of Tech¬ 
nology, Chicago, Ill. 

* As conductors of full or annular circular cross sec¬ 
tion have been treated exhaustively elsewhere, they 
are not considered in this paper. 


son, 3 Darling, 4 * 5 Dwight, 6 * 7 Gray,* 
Grover, 9 Higgins, 10- * 12 Levy, 13 Maxwell, 14 
Orlich, 15 Rosa, 16 ” 19 Roth/ 20 Schurig, 21 
Silsbee, 22 vSteidinger, 23 Sumec, 24 and 
others 25 * 26 contain formulas, curves, and 
tables that facilitate calculation of the 
inductance of a single-phase or of a poly¬ 
phase bus comprised of identical conduc¬ 
tors having parallel coplanar axes and 
parallel-sided full rectangular cross sec¬ 
tions (if corresponding sides of two rec¬ 
tangular areas are parallel, but the areas 
are otherwise arbitrarily located, these 
areas are termed “parallel-sided”). And 
papers by Darling, 4 * 5 Dwight and Wang, 27 
and Higgins, 10-12 contain formulas, curves 
and tables for calculating the inductance 
of a single-phase or of a polyphase bus 
comprised of identical conductors having 
parallel coplanar axes and parallel-sided 
hollow rectangular cross sections. But, 
seemingly, there have not been published 
explicit formulas for calculating the in¬ 
ductance of a bus comprised of full or 
hollow parallel-sided rectangular con¬ 
ductors arranged other than as just de¬ 
scribed ; nor of a bus comprised of one of 
certain currently employed arrangements 
of linear conductors of L, T, [, or I 
cross section. 

Such formulas arc derived in this paper , 
it being assumed that the conductors are 
nonmagnetic, are of such length that end 
effects are negligible, are right-cornered,' 
and carry currents uniformly distributed 
over their cross sections. 

Of these four conditions, the first and, 
second commonly are satisfied in practice. 
The third, however, though essential to 
tractable analysis, is not always true in 
practice. For example, strap conductors 
of full rectangular cross section are usually 
right-cornered, whereas conductors of 


hollow rectangular cross section com¬ 
monly have rounded edges; again, chan¬ 
nels built up of strap conductors are 
usually right-cornered, whereas channels 
drawn or rolled in one piece usually have 
rounded edges. However, error intro¬ 
duced by neglecting the rounded edges 
is usually small; moreover, where neces- 
sarv the increase in inductance can be 
approximated by use of semiempirical 
formulas derived by Dwight and Wang. 27 
Finally, neglect of skin and proximity ef¬ 
fects is also essential to tractable analysis. 
However, the effect of these phenomena 
on the magnitude of the inductance is on 
the safe side, for the inductance decreases 
as the frequency is increased; moreover, 
at power frequencies and normal bus 
spacings this reduction in inductance is 
practically negligible (see, for example, 
the discussion following reference 27 or the 
experimental results published in refer¬ 
ence 2). 

If these four postulates are granted, 
derivation of the desired formulas, though 
lengthy, is not particularly difficult. 
First, the formula for the geometric mean 
distance between two arbitrarily located 
parallel-sided rectangular areas is derived 
by direct integration (sections I and II). 
Next, this formula and the fundamental 
theorem of geometric mean distance 
theory are conjoined to obtain formulas 
for the geometric mean distance between 
two arbitrary configurations comprised 
of parallel-sided rectangular areas; 
whence general formulas for the in¬ 
ductance of conductors of such cross sec- 
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tion follow from application of well- 
known theory (sections III and IV). 
Finally, since the category just described 
embraces conductors of the type under 
discussion, distinct formulas for the in¬ 
ductance of specific types and arrange¬ 
ments of conductors can be deduced from 
these general formulas as desired (sec¬ 
tion V). 


I. The Geometric Mean Distance 
Between Parallel-Sided 
Rectangles 


The geometric mean distance D& of a 
rectangular area Si from a second arbi¬ 
trarily located rectangular area S 2 is de¬ 
fined by 

S 1 S 2 log D 12 = 

-x\ 2 +\Y-y\*]'/'dSidS2 (1) 

(x } y) being the co-ordinates of a point 
in Si and (X, Y) those of a point in S 2 . 

If the rectangular areas are parallel¬ 
sided, are located as in Figure 1, and if 
P and D are positive (the necessity and 
the significance of this restriction are dis¬ 
cussed in section II), we have by equation 
1 



RSrs log D 12 = 

J /VD+ft+r s*p+s+s rr rs 

/ If log [| F—;y| 2 + 

D+r Jp+ts JO Jo 

{X-x^f'dydxdYdX (2) 


Evaluation of the quadruple integral— 
the details of integration are contained in 
the appendix—yields 


RSrs log Z>i 2 = —(25/12)RSrs - 

4 4 


(l/24)£^(—ly+’A'U,, Bi) (3) 


i = 1 j = 1 


wherein 


K(A it B j )=(Ap-e>A l *Bf+B j *) X 
log tan -1 (AJBj)- 

4 AfBj tan'" 1 (Bj/A/) (4) 

and 


Ai = D+R+r; A Z = D+R; A 3 = D; 

Ai = D+r (5) 


Bi=P+S+s;B 2 =P+S; Bz — P; 

B* = P+s (6) 

Certain variants of equation 3 and of 
equation 4 are of value. Recalling that 

tan' 1 (A t /Bj) + tan- 1 (Bj/Ad^W 2 (7) 

providing A i} Bj^O we have by equa¬ 
tions 4 and 7 

K(A it B^At-SAfBf+BfiX 

log (Ay+Bfl'^+iAiBjiAy- 
Bf) tan- 1 (A,/B/) 
-(AS-eAfBy+Bj*) X 
log (A i *+Bfi l/ '+4A i B ] (By-A i i )X 
tan ~ l (Bj/A/)—2 ttA iBp 

(8) 


As by equations 5 and 6 

4 4 

2ttA pYV - l) j B j = 2irBj^Y]( -1 YA t = 0 
j = i i-i ( 9 ) 

providing both P and D are positive as 
postulated above, substitution of equa¬ 
tion 8 in equation 3 yields 

RSrs log D n = -(25/12 )RSrs- 

4 4 

(l/24)]T^( —1) i+j M{Ai,Bj) (10) 

l = 1 j = 1 

wherein 

M(A h Bj) = (AS~ 6 A fBf+Bp) X 
log (At+B?)'/*+AA j P£A t *-B j ’)X. 

tan -1 ( AJBj ) (11) 

By virtue of the equivalent forms of the 
right-hand members of equation 8, and 
similarly those of equation 11, we obtain 
the useful identities 

K(A it B j )=K(B j , A/); M(A it Bj) 

— M(Bj. A i )-2’nA i Bj(Bj^-A i ^) (12) 


II. Generalization of P and D 

The reason for the restriction, in section 
I, of P and D to positive values is evi¬ 
denced by the following remarks on 
integration in the variable Y. If P and 
D are positive, we have Y>y; whence 
(F—y)=| Y—y\ and d(Y-y)/dY^ 
d\ Y—y \/dY over the domain of integra- 
tion in Y; and integration in Y with 
either (Y—y) or | Y—y \ in the integrand 
yields the same value. But if P and D 
can, separately, take on either positive or 
negative values, then over the range of 
integration in Y it may be that (Y—y) 


3//- 3 



Figure 3 


takes on both positive and negative 
values. If so, d\ Y—y\/dY— 1 if Y>y; 
but d\ Y—y\/dY= — 1 if Y<y; | Y—y\ — 
(Y—y) if F>y, but \ Y—y\ = —(Y—y) if 
Y<y; and integration with (Y—y) in 
the integrand may yield a value different 
from that obtained with \ Y—y\ in the 
integrand: for example, 



—a)dY— 0, but 



contrariwise, 



Y-a\*dY 


(Y-a) 2 dY=2a*/3 


When with this point of analysis in 
mind the quadruple integral in the right- 
hand member of equation 2 is evaluated 
for each possible relative position of the 
two parallel-sided rectangular areas—the 
details of integration are discussed in the 
appendix—it is found that in each case 
equation 3 yet results providing that in 
equation 3 and Bj now indicate the fol¬ 
lowing (of which, obviously, equations 5 
and 6 are special cases) 

Ai=\D-\-R- s rr\' > A 2 =\D-\-R\] -d3=|P|l 

A 4 =\D+r\ (13) 

■Bi=|P+S+j|; B 2 - |P+S|; B 8 =|p|; 

B 4 =|P-M (14) 

Further, as' equation 7 is satisfied by 
these generalized values of Ai and Bj , 
equation 8 is likewise generally valid. 
Contrariwise, however, equations 10 and 
11 are valid only if both P and D are posi¬ 
tive: nevertheless, as this case frequently 
occurs in practice, these latter equations 
are most useful. 

With the restriction on P and D thus 
removed, the foregoing equations afford 
the solutions to a host of electromagnetic 
problems (on the calculation of self-in¬ 
ductance and mutual inductance, re¬ 
actance, line voltage drop, short-circuit 
bus stresses, and the like) that confront 
the engineer concerned with the design 
of single or polyphase busses composed 
of parallel linear conductors with axes 
not necessarily coplanar and with right 
cross sections comprised of arbitrary con¬ 
figurations of parallel-sided rectangles. 


III. General Formulas for the 
Inductance and Reactance of 
Busses 


Though solutions to problems of the 
type just mentioned can be obtained by 
direct use of the formulas derived in sec¬ 
tions I and II, a considerable and very 
desirable simplification of the numerical 
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computation inherent to the actual de¬ 
sign of a given bus can be effected if 
these formulas are conjoined with certain 
very general expressions to be derived by 
repeated use of the cardinal theorem of 
geometric mean-distance theory. This 
theorem states that: 

If Si f S 2t . . S m are the components of 
a total area S; if D u D 2 , . . D m are their 
respective geometric mean distances from 
a second area S f ; and if D is the geometric 
mean distance between 5 and S', then 

SS' log D~SiS' log I>i-f log D 2 -\- . . . 

+S m S'logD n (15) 


wherein w a and w b are, respectively, the 
current densities in S a and S bi taken posi¬ 
tive for current in one direction and nega¬ 
tive for current in the other direction 
(hence, w a w b is a negative quantity, 
w a 2 and w b 2 positive quantities, and 
I=w a S a = —w b S b ). The energy in the 
magnetic field associated with the cir¬ 
cuit is 


= 1 A f f A(X , 

J JS a 

7 * f f A{X t 
J JSb 


Y)w a dXdY+ 

Y)w b dXdY (20) 


A direct corollary of this theorem is: Substitution of equation 19 in equation 

Let S' be comprised of component areas 20, and then of equation 1 in the resulting 

Si', S 2 ', . . S n '. Then as by equation 15 expression yields 


SiS' log Di = SiSi' log Dn+ 

SiS 2 f log D 12 + . . . ~{-SiS n ' log D ln (16) 

and as S 2 S' log D 2 , . . ., S m S' log D m can 
be expressed similarly, we have on sub¬ 
stituting equation 16 and like forms in 
equation 15 


m 

SS' log D = Y J {S i Si‘ log Dn+StSt'X 
2 = 1 

log Di 2 ~\- . . . -\-SiS n ' log D in ) 
m n 

'5~'jSiS j log D tj (17) 

i = 1 j —l 

We note for later use that if each of the 
two cross sections is comprised of identical 
components numbered alike, m = n and 
Sy log Dif—Sji log Dji> 

Alternatively, if the components of S' 
are numbered from m +1 to m+n in¬ 
stead of from 1 to n, we obtain from equa¬ 
tion 17 

tn m+n 

SS' log D = X X S * S 1 lo S D U (18) 

i = l j — m+1 


For determining the self geometric 
mean distance of an area to itself equa¬ 
tion 17 is preferable; for determining the 
geometric mean distance between two 
distinct areas equation 18 is preferable. 

Granted the four postulates stated 
above, equations 15 to 18 inclusive facili¬ 
tate derivation of convenient and compact 
expressions for the inductance of circuits 
comprised of parallel linear conductors of 
uniform but otherwise arbitrary cross 
section. Thus, invoking fundamental 
electromagnetic principles, if S a and S b 
are the cross sections of two conductors 
comprising a single-phase circuit carrying 
a current I, we have for the vector po¬ 
tential A ( X , Y) at a point (X, Y) 


A= constant -2 / / ^ a log[|X- 

J JSa . 

] l / 2 dxdy— 2 / / ' 

, J JSb 


x\ 2 + 


Y—y\ 2 ] /z dxdy—2 f I w b X 

. , , J JSb 

log l\X-x\*+\Y~y\*] l /Wxdy ( 19 ) 


W= ~{2w a w b S a S b logV ab + 

w a 2S a * log D aa +w b *S b * log D bb ) 

— 1 % log (D ab 2 /D aa D bb ) (21) 

Finally, recalling that W=LP/2, we have 
from equation 21 

L = ~{2/P){2w a w b S a S b log D ab +w a 2 S a 2 X 
log D aa +w b *S b 2 log D bb ) 

— 2 log D ab 2 /D aa D bb (22) 

If each of the two conductors is com¬ 
prised of several component conductors 
connected in parallel, m comprising that 
with cross section S a and n that with cross 
section S b , substitution of appropriate 
forms of equations 17 and 18 in equation 
22 yields 

m m+n 

l = — (2// 2 ) log d w + 

2 = 1 j = 7n+l 
m m 

X X WiW J S * S l lo Z D v+ 

1 = 1 J =1 
m+n m+n 

X E WiWjStSj log 

i = m +1 j = 7fi +1 

m+n m+n 

= ~{2/P) ^ y'wjWjSjSj log Dij (23) 
i = i j= 1 

If we have two distinct circuits com¬ 
prised of p+q conductors in toto, p com¬ 
prising one circuit and carrying current 
Ip, Q comprising the other circuit and 
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carrying current I q , a similar analysis 
yields for the energy associated with the 
two circuits 

V+Q p+q 

T'F= - X X Wiw S S * S l lo £ (24) 

'= 1 3=1 

Recalling that 

W— MIj)Iq-\-L-pIp 2 /2-\~LqIq 2 /2 (25) 

substitution of equation 24 and of ap¬ 
propriate forms of equation 23 in equa¬ 
tion 25 yields for the mutual inductance 
M 

y+<Z P+q 

M= -(1 /Ve)[E X W ^ S ^ Io S®«- 

2=1 j = l 

v p 

X Xw&jStSj log Dq- 

i = 1 J = 1 
Q Q 

X X WiW J S i S l lo S D V~\ (26) 

2 = 1 J = 1 
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With regard to the physical quantities 
mentioned to this point, all units are in 
the absolute system: linear dimensions 
in centimeters, current I in abamperes, 
energy W in ergs per centimeter of line 
length, self inductance L and mutual 
inductance M in abhenrys per centimeter 
of line length. The 60-cycle reactance X 
in ohms per thousand feet of line length 
is obtained by multiplying a value of 
inductance by 11.48X10“ 3 . 

IV. Polyphase Systems 

In calculating the performances of poly¬ 
phase systems it is necessary to know the 
reactance voltage drops on individual con¬ 
ductors. The well-known formulas for 
calculating the reactance drops are easily 
derived. In an ^-phase system comprised 
of n distinct conductors, one conductor; 
say a, can be considered as carrying cur¬ 
rent I a (the currents are expressed as 
complex numbers), and the remaining 
n — \ conductors can be considered as 
connected in parallel} and carrying the 
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Example 1 


return current —J a = • • +^n)- 

Accordingly, as the energy associated 
with conductor a is given by IT «= 
'/•ifAwadSa, we obtain by selection of 
the appropriate terms from equation 22 
that the associated inductance, L a 
(reactance drop on conductor a)/(2irfl a ), 
is 

L a = — (2// fl 2 ) (*t’ a 2 S a 2 log D aa 4- 

n 

WaS^A log D at ) 

1 = 0 
n 

= -2%2(Ii/r a ) log D ai abhenrys per 

i ™ a 

centimeter of conductor length (27) 
By equation 27 the 60-cycle reactance is 

n 

X a = -240(/<//„) log Dai abohms per 

i — a 

centimeter of conductor length 
n 

= 0.0528y)(Ii/I a ) logio ol' ins 

i = a 

per thousand feet of conduelor length 
n 

= 0.2794login (UD at ) ohms 
i = a 

per mile of conductor length (28) 

If the individual conductors are com¬ 
posite, ci composed of a' conductors num¬ 
bered from 1 to a\ b of b* conductors 
numbered from ffl 7 +l to and cor¬ 

respondingly for the others, we obtain by 
substitution of appropriate forms of 
equation 16 in equation 27 


L a = -(2/V) 

a' a*+l/ 


^ YWWWJ l 0 ^ 

Li = l j = l 


E E, WfVjSiSj log Dij-\r . . . 

i ~ i ^ = a'+ i 


+ 


a' r n'+ri ' 

E E wjWj log 

i = l ;/= m'+l 
- g / a , +. • -+h ' 

= —(2// fl 2 ) EE WiWjS t Sj log 

L 1= t j = L 

abhenrys per centimeter length (29) 


Corresponding formulas for the re¬ 
actance are obvious from equation 2X. 

V. Some Illustrative Examples 

The various parts of example 1 are ad¬ 
vanced as corroborative of the funda¬ 
mental formula given in equation 3, 
wherein A t and Bj are as defined in equa¬ 
tions 13 and 14. The succeeding examples 
are advanced as demonstrative of the ap¬ 
plication of the content of sections I to IV 
to the design of standard busses of various 
types. ; 


Part A. The two rectangular areas 
of Figure 1 are to be considered as identical 
and superimposed. For this case: r=R; 
s = S; .D = — r; P — — s. Then equations 
13 and 14yield: A 1 — A 3 = r; A^A^O] 

Pi = £3 = 5 ; 232 = 234 = 0. Whence, re¬ 

calling that lim x 4 log x — 0 , substitution 

in equation 3 as indicated yields Max¬ 
well’s well-known formula for the geo¬ 
metric mean distance of a rectangular 
area to itself 

log Z?i 2 — log (r 2 -|-5 2 ) l /s — (r 2 /6s 2 ) log [(/ 2 + 
s 2 )/r 2 ] ,/! -(j 2 / 6 r 2 ) log [( f s+ s «)/ 4 *] , /*+ 
(25/3/) tan " 1 (r/s)+(2//3s) tan -1 (s/r) — 

25/12 (30) 

Part B. The two rectangular areas 
of Figure 1 are to be considered as 
identical squares (R~S=r — s), so lo¬ 
cated that P =f D = 0. Then equations 13 
and 14 yield: Ai = Bi = 2r; A 2 — B 2 — Aa — 
B^ = r; Az—Ba — O. Whence, substitution 
in equation 3, as indicated, yields the 
known formula due to Rosa (reference 
16, page 13) 

logPi 2 = log f + 3 log 2—(7/12) log 5 — 

4 tan" 1 (1/2)+7r —(25/12) 
= log /+0.34427 + (31) 

Part C. In similar fashion, if we 
take r t^R , s^S f D = D } P — — ($+5)/2, 
we obtain Gray’s well-known formula for 
the geometric mean distance between two 
dimensionally different, symmetrically lo¬ 
cated rectangles (reference 16, page 6 ); 
if we consider two identical squares 
(R=S=r=s), so located that 23 = 0 and 
p = p } we obtain the known formula due 
to Rosa (reference 16, page 12); and if 
we take r^R, ss^S, D=—(r+R)/ 2 , 
p = — (s+S)/2, we obtain the writer’s 
formula for the geometric mean distance 
between two symmetrically superimposed, 
dimensionally different rectangles (refer¬ 
ence 11, page 1049). Accordingly, as 
verification of tlie analysis of sections I 
and II we have that equation 3 yields the 
known formulas for those special cases 
of the geometric mean distance between 
two parallel-sided rectangles that have 
been treated hitherto. 

Example 2 

A single-phase bus is comprised of two 
identical channels placed back to back 
(Figure 2). To calculate the inductance 
per-unit length of bus: 

Each of the two channels can be con¬ 
sidered as comprised of two component 
conductors: one of full rectangular cross 
section wherein current exists in the 
same direction as in the channel, the other 
of smaller rectangular cross section hav¬ 


ing current in the opposite direction. 
Hence: Si = S,\ S 2 =Sz; = 

- Wi = I/ (Si - S 2 ). Substituting in equa¬ 
tion 23 yields 

4 *1 

L = - (2/P) E E^ 5 ’^ Iog D,} abeurys 

1 = 1 3 = 1 

per centimeter of bus length (32) 

Substituting in equation 32 as indicated 
and collecting terms, we have 

L = -[ 4 /( 5 i- 5 2 ) 2 ][ 5 i 2 (l°g D n - log 23 i<) + 
SiKlog Dt 2 ” log D 2Z ) -25i5 2 (log D Vi - 
log £>13)] ( 33 ) 

Corroboratively, if S 2 ~S 3 = 0 we have 
conductors of full rectangular cross sec¬ 
tion, and equation 33 reduces to the 
known formula L = 4 log (Du/Du). 

The six geometric mean distances in 
the right-hand member of equation 33 can 
be calculated from equation 3. Com¬ 
monly, though, the value of the self 
geometric mean distance of a rectangle or 
of the geometric mean distance between 
two rectangles, symmetrically and ex¬ 
ternally located relative to one another, 
can be obtained—and usually more 
quickly than by calculation—from tables 
contained in certain of the references, 
especially reference 9. For other than 
this restricted class, though, equation 3 
must be used perforce. 

Example 3 

A single-phase bus is comprised of two 
identical open hollow rectangular con¬ 
ductors, each conductor consisting of two 
slightly separated channels placed ilangc 
to flange (Figure 3). To calculate the 
inductance per-unit length of bus: 

Each of the two conductors can be 
considered as comprised of four compo¬ 
nent conductors: two of rectangular cross 
section wherein current exists in the same 
direction as in the split conductor; the 
remaining two of smaller rectangular cross 
section having current in the opposite 
direction. Hence: Si — SA z =Sb = Sa\ S 2 — 
Si=>Ss=Si\ Wi- —w 2 = ~~w^Wa= —Wz = 
WCi = Wl = -w i =I/2(S ] -S 2 ). By equa¬ 
tion 23 the inductance of the bus is 
8 8 

£=-(2 // 2 )E log Dij ab- 

1 = 1 J = 1 

henrys per centimeter of bus length (34) 

Substituting in equation 34 as indicated 
and collecting terms yields 

J L=-[l/(5 1 -5 2 ) 2 ]l^ 2 (2 log D u + 

2 log D H - 2 log Du, — log Du - logD 4 r,) + 
S 2 2 (2 log D 22 -\~2 log D 2Z —2 log Du — 
log D‘27— log Dm)—2SiS 2 (2 log Di 2 -H 
2 log Du — 2 log Dio— log Dn—log Dm)] 
abhenrys per centimeter of bus length 

(35) 
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Example 4 

A single-phase line is comprised of two 
identical conductors of I cross section 
(Figure 4). To calculate the inductance 
per unit of bus length: 

Each of the two conductors can be con¬ 
sidered as comprised of three component 
conductors: one of rectangular cross sec¬ 
tion wherein current exists in the same 
direction as in the conductors of I cross 
section, the remaining two of smaller 
rectangular cross section having current 
in the opposite direction. Hence: Si = S 6 ; 

— — 5 B ; Wi= —W2——W3 — W4 — 

Wj = —w^~I/(Si — 2S 2 ). By equation 23 
the inductance of the bus is 
6 6 

L = — (2// 2 ) ^2 y \jWjSjSj log Dij 
i = 1 j = 1 

abhenrys per centimeter of bus length (36) 

Substituting in equation 36 as indicated 
and collecting terms yields 

-[4(5 1 -25 2 ) 2 ][5i 2 (log D n - log £,«) + 
SY {2 log D 22 +2 log As “2 log Du- 
log As- log An) — 2S 1 S 2 (2 log Du — 
log D H — log Du) ] abhenrys per centi¬ 
meter of bus length (37) 

Example 5 

A three-phase line is comprised of 
three equilaterally spaced rectangular 
tubular conductors (Figure 5). To cal¬ 
culate the inductance associated with one 
conductor, say a: 

Each rectangular tubular conductor 
can be considered as comprised of two 
component conductors: one of rectangular 
cross section wherein current exists in the 
same direction as in the tubular conduc¬ 
tors, the other of smaller rectangular cross 
section having current in the opposite di¬ 
rection: Hence: 5 i = 5 3 = A; A = 54=A; 

Wi — —w 2 \ Wz~ — W 4 = Wi €~ 1 * 0 ; Ws — 

—w & =w 1 e +uo . By equation 27 the asso¬ 
ciated inductance of the conductor a is 


Equation 40 also follows from equation 
39 for the case of tubular conductors 
which are so thin that the cross sections 
can be considered as but comprised of 
four line segments. A specific treatment 
of this particular type of conductor and 
several numerical examples are to be 
found in a paper by Dwight and Wang: 27 
they consider but square cross sections. 

Appendix 

Explicit evaluation of the quadruple 
integral 

D+R-pr /"P+S+a z*r /\s 

/ / / log [1 Y-y |»+ 

Mi Jp+S J 0 Jo 

\X-x^^HydxdYdX 

varies according as: ( i ) both P and D arc 
positive; (ii) one or both of P and D is 
zero or is negative. In the first case, no 
logarithmic singularities are encountered in 
the course of evaluating the integral; 
whence integration can be effected directly 
through use of known tabulated integrals. 
In the second case, however, logarithmic 
singularities are encountered. These singu¬ 
larities necessitate repeated use of limits; 
whence the evaluation is considerably com¬ 
plicated. Additionally, as these singulari¬ 
ties occur in a manner that varies with the 
relative position of the two rcctangulai 
areas of Figure 1, the process of integration 
must be modified for each possible distinct 
relative location; that is, for each possible 
combination of P and D mentioned in case 
(ii) • Each of these various integrations has 
been effected; the very lengthy, purely 
formal analysis incident to evaluation is 
contained in a complementary paper to be 
published elsewhere. These integrations, 
however, differ only in mathematical detail 
from that for case (i) t which follows. As 
mentioned, this case (P, £>>0) is the simplest 
to evaluate: even so, the easily reproduced, 
elementary analysis is so extensive and 
space filling that it is deemed advisable to 
present but the end result of successive 
integrations. 

First 



2 6 

Lq= -(2/J B 2 ) T X><W, log Dij 

i = 1 J = 1 

abhenrys per centimeter of conductor 

length (38) 

Noting that wi = IJ(Si—S»), we obtain 
on substituting in equation 38 as indi¬ 
cated and collecting terms 

L a = -^/(Sj-^HSdUogA.+e-' 1200 X 
log D ls +€ + ' /l20 ° log ZVO+SiHlog £> 22 + 
( -h,o° log Dit+(:+ h M ° log Die) + 

25,5. (log J?i 2 +«— w log A 4 + 

e+^'logO,.)] (39) 

Corroboratively, if S 2 — Si — S 6 = 0, the 
conductors are solid, and equation 39 re¬ 
duces to the well-known expression 

L a = (2/4) 14 log (1/Aa) +4 log (1 /D ab ) + 
I c log (1 /D ac )] abhenrys per centimeter 

of conductor length (40) 


log \(Y-yY+{X-xY\ l ''dy 

= log f(F-;y) 2 +(X-.v) 2 !- 

[X~x) tan "' 1 (Y-y)/{X— x)~\~ 


“ v = 
I 

-V ■ 


(41) 


{y-y) 

From equation 41 we obtain 

f I log \(Y-y)*+(X-xY‘JUydx 
J 0 J 0 

= [[ 2 (^CX-, log f(K-;y)*+ 

{x-xy]-^\{Y- y y-{x-xy\ x 

tan - *( Y-y)/(X-x)+r( Y-y)*/ 2 - 


(Y~yXX-x)/2+(Y-y)x 


V « - V = r 

y=a J+= o 


(42) 


firoiii equation 42 we obtain 
s*r /*& 

/ / [log( Y—y) 2J r[X — 

P+s J o Jo 

( Y-yY-{X-x ) - 

^(.X’-.rFlog f(F-y) s +(j\r-*)«]- 

[l/e( Y-y)*-]/. (K_y)(x- X )21 tan - 1 ( Y— 
y)/(.X-x)+w( Y-y)*/ 6 —5( Y-y)\X- 


ii = s “la- = 

2 

Ju - o Jx = 0 Jv 


= r~[v = P+S+s 


(43) 


*)/12+( Y-yYx/2 
From equation 43 we obtain 

7 rD+It+r S*p+S+S /V fn 

/ / / log[(K-y) 2 + 

D+r J p+# J o J o 

(X — x ) 2 ] ^‘dydxd YdX = ~ X 

l(Y-y) 4 -6(Y-ynX-xy+ 
(X-xY]log [(V-yY+(X-xY]- 

jjK y-y)KX-x)-(Y-y){X-x)*]X 

tan-1 ( Y—y)/(X — x) -13( 7-y) 2 X 

{X-xY/ 48-f-xX( Y —y) a / 6 -f- 

nr=» n-t/i+r 


— A’ - |ar =rqr = 

(Y-yYXx/2 

_/; = o J/ = oJi r = 


P+s Ja" = D+r 

(44) 


Filially, substituting the limits in the 
order indicated and collecting terms, we 
obtain from equation 44 that 


rD\-n\-r s'p+s+s rr rs 

I / / / log[(7-y)*-b 

tj BPr J P+s J o J 0 

(X-x) i ] l/ -‘dydxdYdX= -(25/12) - 

(1/2-4)^ J](-l) i+ >K(A {t Bj) ( 45 ) 

i = i j ~ l 


wherein A lt B h and K(A if B 3 ) designate the 
quantities defined in equations 4, 5, and 6 . 
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I N long-distance large-block power 
transmission, where is reactance com¬ 
pensation applicable? The complete an¬ 
swer to this question involves the weigh¬ 
ing of compensated line performance 
against its costs, tempered with engineer¬ 
ing judgment. This paper presents the 
results of an analysis made to determine 
basic performance data of compensated 
lines under steady-state and transient 
conditions. The data presented there¬ 
fore allow the question to be partly an¬ 
swered and, it is believed, to a sufficient 
degree to permit certain general con¬ 
clusions to be drawn. The system de¬ 
signer is thus provided with the funda¬ 
mentally necessary data permitting him 
to proceed with an economic analysis for 
his particular case, where the cost factors 
are available. It is felt that in this field 
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lies the value of these data. The costs 
of the various factors for a particular 
case can be weighed with the perform¬ 
ance obtained by the same factors. The 
best design must necessarily be one 
where per cent line compensation, num¬ 
ber of parallel circuits, generator short- 
circuit ratio, and number of intermediate 
switching stations are all used to their 
optimum degree for a given reliability 
of service. The number of factors which 
may be varied obviously depends upon 
whether compensation is to be used for 
increasing the power limits of a system 
already in operation or to be used as a 
factor in the design of a projected sys¬ 
tem. 

The urgency of the times and the re¬ 
quirements the war effort is placing and 
will place on the transmission systems, 
and projected, coupled with the necessity 
of careful use of critical materials, em¬ 
phasizes the importance and timeliness 
of the subject. The compensated line 
concept is not new, but the basic per¬ 
formance data presented are, and they 
should prove useful in helping to deter¬ 
mine the expected gains of reactance com¬ 
pensation in projected and existing 
systems. A more complete analysis can 
be made for a particular system when it 


is necessary to determine in detail tlie 
effect of various operating conditions and 
arrangements peculiar to the system 
under consideration. 

General Conclusions 

The data given are specifically per¬ 
formance data, showing what can be ac¬ 
complished technically with compen¬ 
sated lines. A satisfactory excursion into 
the economic realms is outside the scope 
of this paper. The availability of certain 
materials during the present times—as 
well as during normal times—obviously 
will have its influence in the ultimate 
solution of a transmission problem. 

1. The first and obvious conclusion is: 
Reactance compensation is an effective 
method for increasing the transient- and 
steady-state-stability limits of a transmis¬ 
sion system. 

2. Existing systems, composed of machines 
with average characteristics and lines as 
short as 150-175 miles—whose characteris¬ 
tics are fixed, because the machines are 
already installed—can materially increase 
their stability limits with acceptable mar¬ 
gins by reactance compensation. 

3. The relatively large gains available 
through the use of special generator char¬ 
acteristics, intermediate switching stations, 
high-speed switching and relaying indicate 
their fundamental usage in projected systems 
above 200 miles in length whether or not 
reactance compensation is used. The eco¬ 
nomic line-length threshold of reactance 
compensation (not determined in this paper") 
will obviously vary in projected systems as 
the relative costs of all factors change. 

4. Reactance compensation appears to he 
an essential requirement for a-c transmission 
of economic blocks of power with lines above 
300 miles in length. 

5. Since reactance compensation provides 
an effective manner of increasing the sta¬ 
bility limits above the original design values, 
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Figure 1. Steady- 
state stability limit 
of 150-mile line 
as a function of 
rating of hydro¬ 
electric generation 
at sending end 

Transformer and 
low-voltage receiv¬ 
ing-system capaci¬ 
tance increased in 
proportion to gen¬ 
erator capacitance. 
Assumed generator 
power factor = 0.95. 
Held Vi = 1.0 
Vi = 0.95 


their possible use should tend to encourage 
a consideration of larger conductor sizes in 
order that the benefits from their use may be 
fully realized at the heavier system load¬ 
ings. 

6. The voltage rating of the series-capaci¬ 
tor equipment should be determined by— 
among other factors—the current during a 
stable-system transient oscillation, if maxi¬ 
mum effectiveness is to be realized. This 
may mean a capacitor with higher than 
normal dielectric strength. 

General Method of Analysis, 

Base Used, and System Studied 

(a) . The data presented in this paper, 
particularly those relating to transient sta¬ 
bility, were obtained with the aid of an a-c 
network analyzer. The system was set up, 
with constants selected as described in the 
appendix and torque-angle curves obtained 
for the various conditions of fault on and 
off. Critical switching times were obtained 
by the application of the equal-area criter¬ 
ion. 1 Much of the steady-state work was 
done by well-known graphical methods. 2 

(b) . It has been shown previously 3 that 
the loading of a transmission circuit varies 
with the square of the line voltage. For this 
reason it was considered convenient to 
make these studies on a kilovolt-ampere and 
kilowatt base which is given by the (kilo¬ 
volts) 2 of the circuit under consideration. 
Thus the data presented are entirely general 


and useful for any actual quantity of power 
and any value of voltage, except as the rela¬ 
tion between these two quantities affects 
the per-unit power. The per-unit power 
transmitted on a (kilovolts) 2 base is given 
by the ratio 

kilowatts transmitted 
(transmission kilovolts) 2 

[For example, 150,000 kw on a (kilovolts) 2 
base of (220) 2 gives a per-unit power of 3.1 
and on a (161) 2 base gives a per-unit power 
of 5.0. ] 

(c). Based on a line surge impedance of 
400 ohms, which is very nearly constant for 
all high-voltage lines, it has been shown 3 
that the surge impedance or unity power- 
factor loading of such lines is 2.5 times the 
(kilovolts) 2 ; hence this value of per-unit 
circuit loading on a (kilovolts) 2 base is the 
unity power-factor loading. Since at this 
loading the line reactive losses are entirely 
supplied by the charging kilovolt-amperes 
of the line itself, it is generally considered a 
good operating loading. With reactance 
compensation, part of the line reactive losses 
are supplied by the series capacitors; hence 
the loading which will consume the line¬ 
charging kilovolt-amperes is increased. 

id). A typical hydroelectric system was 
selected as the basis for this study, since 
long lines in general involve this type of 
system, and it is this type that generally 
has the more severe stability problems. A 
sketch is included with each curve showing 


the system arrangement applying for the 
particular case studied. Refer to the ap¬ 
pendix for reactances and constants chosen. 

(e). The stability analysis in general in¬ 
volved the selection of a generator kilovolt¬ 
ampere rating of C times the (kilovolts) 2 . 
For each such rating selected, the rating of 
other terminal apparatus was made to 
match also by dividing its reactance on 
rating by the factor C, as discussed in Ap¬ 
pendix II. In the steady-state-stability 
studies, summarized in Figures 1 to 3 in¬ 
clusive, various values of system rating C 
were selected and the power limit for each 
determined. For convenience, the diagonal 
per cent margin line was included which 
intersects the power-limit curve at the per 
cent margin indicated. For the transient- 
stability studies, Figures 9 to 16 inclusive, 
various system ratings of C were selected 
and for each the critical switching time 
plotted, assuming the sending-end generator 
fully loaded before the fault. 

Discussion of Results 

I. Steady-State Stability, Single- 
Circuit Line—Figure 5 

(a) Results With Average Generator 
Characteristics 

1. 250 Miles. Zero compensation per¬ 
mits a per-unit generator rating of 2.9 to 
transmit full load with 20 per cent margin. 
This value is substantiated by present prac¬ 
tices. 5 In the future heavier loadings are 
technically feasible, and they may be justi¬ 
fied by reactance compensation; for in¬ 
stance, 50 per cent compensation allows a 
rating of 5.1 with 20 per cent margin. 

2. 300 Miles . A per-unit rating of 
2.5, generally referred to as the surge-im¬ 
pedance loading of an uncompensated line 
or the loading where the line supplies its 
own Px losses can be handled at this line 
length with: 

0 compensation with 10 per cent margin 
25 per cent compensation with 25 per cent 
margin 

Thus, for this line length and this type of 
system, it appears that some compensation 
would be needed for steady-state stability 
for transmission of economical magnitudes 
of power depending upon the required mar¬ 
gin. 

3. 400 Miles. A per-unit generator 
rating of only 2 can transmit full load with 
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1,0 per cent margin a distance of 400 miles 
with no compensation. This! indicates that 
series capacitors are undoubtedly required 
in lines of this length to transmit justifiable 
amounts of power. 

(b) Amount of Compensation. There 
is an optimum value of compensation 
from a stability standpoint for a 
given line length. For a 300-mile line 
this value of compensation is about 75 
per cent for the system constants chosen 
as shown in Figure 7. As the line length 
increases, this value also increases. 
Above this optimum value the over-all net 
impedance is predominantly resistance, 
so that voltage difference rather than 
phase angle tends to govern load flow. 
This is shown clearly in Figure 7 where 
the power which may be transmitted for 
compensation greater than optimum is 
larger for a line having five per cent volt¬ 
age drop than for a line with flat regula¬ 
tion. 


Table I 


No. Switch¬ 
ing Stations 

Power Limits for Four Cycles 
Clearing—Two Lines 
(Per Cent Compensation) 

0 25 

50 

75 

0. 




1 . 



..2.37 

2. 


.3.25.. 

. .4.4 

3. 

.2.6. 

.4.0 .., 

. .6.05 

4. 

.2.7. 



(c) Effect 

of Generator 

Short-Circuit 


Ratio . See Figure 8. This factor was 
investigated for the 300-mile line operat¬ 
ing at 20 per cent margin with the follow¬ 
ing results: 

1. A compensation of 25 per cent will 
permit use of 1.2 short-circuit ratio in place 
of 2,0 with zero compensation, in transmit¬ 
ting output of a 2.5 per-unit generator. 

2. A compensation of 50 per cent will 
permit use of short-circuit ratio of 1.3 in 
place of 2.5 with 25 per cent compensation 
in transmitting output of a 4.0 per-unit 
generator. 

(d) Summary, Steady-State Single-Cir¬ 
cuit-Line Results . It appears that, 
using a generator of average constants 
with a line length approaching 300 miles, 
some series compensation is required 
for steady-state stability to transmit 
more than that corresponding to the 
surge impedance loading of an uncom¬ 
pensated line, and so it follows that with 
loadings above this for line lengths below 
300 miles, some compensation may be 
required, depending upon the generator 
characteristics. It should be noted that, 
while the data for steady-state stability 
are given for one circuit line, they apply 
for multiple circuit lines with all lines in 
on a per-circuit basis; for example, two 


such units studied may be operated in 
parallel with a steady-state limit of 
twice that given. 

II. Transient Stability, Single-Cir¬ 
cuit Line, Stub-Feeder Faults 

(a). Results With Average Generator 
Characteristics. The stub-feeder type 
of fault was considered the most severe 
worth studying, since a fault on the main 
line would obviously result in an un¬ 
avoidable loss which is a well recognized 
limitation of single-circuit lines. In 

Tabic II 


Read 

From 

Figure At 230 Kv At 287 Kv 


Per-unit kilo¬ 
watts trans¬ 
mitted. 4.72 3,03 

Per-unit kilo¬ 
watts per cir¬ 
cuit . 2.36 1.52 

Steady-state 
power limit 
per circuit.2 


0 compensa- 
sation. 

25 per cent 
compensation 

50 per cent 
compensation 

75 per cent 
compensation 


f 2.7(14.5) 
■j per cent j- 
( margin) ' 
3.1(31 ) 

per cent 1 
margin) > 
3.4(46 ) 

per cent 1 
margin) ) 
3.7(57 ) 

per cent j- 
margin) ) 


2.1 (38 per 
cent mar¬ 
gin) 

2 . 1 * 

2 . 2 * 

2.4* 

*Esti mated 


2.3 

0.8 .. 4.3 


Fault-clearing 
time—cycles 
Two switch¬ 
ing stations.... 15 
25 per cent 
compensa¬ 
tion 
50 per cent 
compensa¬ 
tion . .. 

75 per cent 
compensa¬ 
tion . 

Three switch¬ 
ing stations. . 16 
25 per cent 
compensa¬ 
tion . 

30 per cent 
compensa¬ 
tion . 

75 per cent 
compensa¬ 
tion . 


3.55 

5.2 

0 (nearly) .. 

3.7 

2.65 

5.0 

5,3 

6.0 


evaluating these data, it is felt that a 
total clearing time of six cycles is reason¬ 
able, as this type of fault would occur in 
the low-voltage system at the receiver end. 
While these data were obtained, using a 
single-circuit line, they apply on a per- 
circuit basis to multicircuit lines. 

1. 150 Miles. It is found in the study 
that the full output of a per-unit generator 
rating of 2.8 can be transmitted with zero 
compensation, while a rating of 4.5 can be 
transmitted with 25 per cent compensation. 
If line loading above approximately 3 is 
desirable, then series capacitors will reason¬ 
ably permit such operation in this area. 

2. 300 Miles—Figure 10. It is inter¬ 

esting to note for this case that 50 per cent 


compensation is required to transmit any 
reasonable power. For instance, with six 
cycles clearing, the full output of a maximum 
generator rating of 3 may be carried through 
a stub feeder fault with 50 per cent compen¬ 
sation. This loading is not particularly 
heavy, and so more compensation in a par¬ 
ticular instance may be justified. For ex¬ 
ample, it is technically possible to transmit 
(eight kilovolts) 2 and 75 per cent compensa¬ 
tion, but such loading will be tempered of 
course by economics. 

3. 450 Miles—Figure 11. With a 
switching time of six cycles, 66 per cent com¬ 
pensation is required to transmit full load 
of a per-unit generator rating of 2.5. This 
indicates that compensation is needed to 
justify a line of this length. Further, the 
allowable compensation falls within a rather 



Figure A. Data from Figures 1, 2, and 3 
showing power limit in terms of generator 
rating with zero margin for various line 
lengths 

Unit power = (kilovolts) 2 


nanrow range, something between 65 per 
cent and 80 per cent (Figures 7 and 11). 

The stub-feeder faults as shown in 
Figure 11 indicate that the transient limit 
for small switching time is higher than 
the steady-state limit. These two bound¬ 
aries define the results obtaining during 
the first swing and after an infinite num¬ 
ber of swings, respectively. Because of 
the labor involved in determining com¬ 
pletely this transition, only the two 
boundaries were given, so that the upper 
portion of these curves should not be 
taken too literally, but only as an indica¬ 
tion of magnitude. 

( b ). Interpretation for Other Conditions. 
It should be noted that all of these data 
permit cross-plotting for interpolating 
and determining switching times for 
values of line length and per cent com¬ 
pensation different than those chosen. 
Further, the switching times for a given 
set of conditions, but utilizing machines 
with different inertias, may be deter- - 
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Figure 5. Data from Figures 1, 2, and 3 
showing power limit in terms of generator 
rating with 10 per cent and 20 per cent margin 
for various line lengths 

Unit power "(kilovolts) 2 


mined by increasing the time by the 
factor V7//3, II being the new constant 
and the value* used in obtaining the data. 

III. Stic a n y - Static Stauility, T\v< > 

Parallel Links—Fkujkk 12 

I r or two-line circuits the worst fault 
through which the system may ride is a 
three-phase high-voltage fault at the 
sending end, resulting in loss of a line 
section. In view of this it is desirable to 
investigate the steady-state stability of 
the system with one line section out. 

The multiplicity of the variables in¬ 
volved limited the scope of the investiga¬ 
tion in general to a line length of 300 
miles. This value was chosen since 
lengths in this area are being considered 
for future* power transmission, and this, 
as well as previous studies, indicates that 
such lengths fall within a region where 
series capacitors should lie given con¬ 
sideration. 

The data summarized in Figure 12 
show dearly how switching stations may 
he traded for compensation. It is inter¬ 
esting to note that 2f> per cent compen** 



Figure 6. Data from Figure 2 showing effect 
of margin on required compensation, for a 
300-mile line 

Unit power* 3 (kilovolts)*. Steady-state power 
limit-generator rating (1-{-margin) 


Figure 7. Effect of 
line voltage level on 
steady-state limit 

Power limit in terms 
of generator rating 
with 20 per cent 
margin, for 300-mile 
line 



satiou in the center of the Hue, utilizing 
one switching station is equivalent to a 
large number of switching stations for 
steady-state stability with average gen¬ 
erator constants. However, it must he 
remembered that the number of switch 
ing stations is dictated primarily by the 
transient-stability requirements. 

IV, Transient Staiuuty, Two 
Parallel Lines 


2. 300 Miles. The data given in 

Figures H through 17 for two parallel lines 
with 0-4 switching stations for various de¬ 
grees of compensation are summarized in 
Table 1 for a clearing time of four cycles. 
Here the comparative effects of compensa¬ 
tion anti switching stations are readily seen. 
For example, 27) per cent compensation 
with three switching stations permits nearly 
the same per-unit generator rating as four 
switching stations with zero compensation. 


In the analyses, data were obtained 
enabling the comparative effects of 
switching stations, per cent compensa¬ 
tion, and clearing times to he studied. 
In evaluating the data, a total clearing 
time of four cycles will be used. 

(a) Results With Average Generator 
('haracterislics 

I. 130 Mites ‘Figure 13, Zero com¬ 
pensation allows a per-unit generator rat¬ 
ing of 2.7 with no intermediate switching 
stations. As can be seen from Figure 13, 
probably more than the economic value of 
power can be transmitted with no compensa¬ 
tion by the proper choice of switching sta> 
lions. Kconomics obviously would deter¬ 
mine whether switching stations, special 
generator characteristics, or compensation 
should be used to accomplish a given result. 



Figure 8. Effect of generator short-circuit 
ratio on steady-state limit 


Power limit in terms of generator rating with 
20 per cent margin, For 300-mile line. As¬ 
sumed *0.7/short-circuit ratio 



Figure 9. Switching¬ 
time curye for three- 
phase stub-feeder 
fault at low-voltage 
receiving end, 1 50- 
mile single-circuit 
line 

Hydroelectric gem 
crating station carry¬ 
ing full rated load 
before fault 
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Figure 10. Switching-time 
curve for three-phase stub- 
feeder fault at low-voltage 
receiving end, 300-mile single¬ 
circuit line 

Hydroelectric generating sta¬ 
tion carrying full rated load 
before fault 


Similarly, two switching stations with 75 
per cent compensation gives more margin 
than three switching stations with 50 per 
cent compensation. 

Stability cannot be maintained for 
four cycle clearing time for the full out¬ 
put of any generator rating with the 
combination of conditions identified by 
the vacancies in Table I. 

These loadings are well under the unity 
power-factor loadings, which are usually 
considered good average economic val¬ 
ues. Hence, it appears fundamental 
that special generator characteristics 
such as high inertias and low transient 
reactances should be used in long lines 
whether compensatipn is used or not. 

(b). Interpretation of Results for Dif¬ 
ferent Machine Characteristics « 

1. Effect of Generator Transient React¬ 
ance—Figure 18. The effects on clearing 
time of a change in the machine reactance 
for several combinations of compensation 
and switching stations for a 300-mile line 
were studied. The results given in Figure 
18 indicate that with a clearing time of 
four cycles, the full output of a per-unit 
generator rating of 2.5 can be transmitted 
with a 20 per cent transient reactance, two 
switching stations, and no compensation, as 
compared with a 30 per cent transient re¬ 


actance, one switching station, and 50 per 
cent compensation. 

2. Effect of Generator Inertia. Switch¬ 
ing times given by these data may again be 
readily modified to apply to machines hav¬ 
ing inertia constants different from that 
used in the study, since they vary as the 

VH. 

Refer to Figure 15 to see the effect of 
changing both H and x/ in a particular 
instance. 

V. Protective Equipment and 

Capacitor Voltage Ratings 

In addition to normal load current 
through series capacitors, short-circuit 
currents and system swing currents after 
fault clearing must be considered. 

Protective equipment will be required 
in general for short-circuiting the capaci¬ 
tors during the fault period. After the 
fault is removed the magnitude of the 
swing current may be such that it might 
be necessary to short-circuit the capaci¬ 
tors. Reference to Figure 19, which 
shows times normal swing currents which 
were measured during the single circuit— 
stub-feeder fault study, indicates that 


for a 150-mile line having 75 per cent com¬ 
pensation and a per-unit kilovolt-am¬ 
pere loading (C) of 4.0 (which is probably 
less than could be justified for this type of 
circuit), the swing current reaches 2.7 
times normal. 

Referring to Figure 19, the maximum 
swing current is given by 

jy = gj zlk _ 

%d 8 X a 

C ' x i 

where 

x a — total apparatus reactance on rating 

Xi = net line reactance 

C= per-unit apparatus kilovolt-amperes 

Since the per-unit normal capacitor 
current is C, the times normal swing cur¬ 
rent is 

I Eq 

C x a -{-xiC 

This shows that, as the kilovolt-amperes 
transmitted (C) increases, the maximum 
swing current decreases for a given net 
line reactance. Also, as the line react¬ 
ance decreases holding C constant, the 
swing current increases, as would be ex¬ 
pected. 

For the system selected, the maxi¬ 
mum swing current will not exceed 2.7 
times normal because 

(a) . This value is obtained with a low 
value of C for the shortest line with the most 
compensation resulting in the lowest x h 

(b) . For greater values of C and x it the 
swing current will be less as shown above 
and by the curves, Figure 19. 

These same per-unit values hold for multi¬ 
circuit lines with all circuits in. For the 
parallel line case with one line section 


-300 Ml. 


Figure 11. Switching-time curve for three-phase stub-feeder fault at low- 
voltage receiving end, 450-mile single-circuit line 

Hydroelectric generating station carrying 
full rated load before fault 
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Figure 12 (right). Steady- 
state power limit, two paral¬ 
lel 300-mile lines, one 
line section out, showing 
effect of intermediate 
switching stations and 
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Figure 13. Switching-time curve for three- 
phase fault near sending end of one of two 
parallel 150-mile lines, for 0, 1, 2, and 3 
intermediate switching stations 

Fault results in tripping out of faulted line 
section. Hydroelectric generating station 
carrying full rated load before fault 

tripped out as a result of a fault clearing, 
the swing currents will be less than shown 
in Figure 19, because %i is increased by 
virtue of the removed line section. The 
capacitor unit voltage rating should 
thus be determined by these current 
swings if maximum effectiveness is to be 
realized. 

For certain fault locations the currents 
may be at times of such magnitude as to 
require the action of protective equip¬ 
ment. After the fault is removed, the 
capacitors should be placed back in 
service immediately, if maximum effect 
in maintaining stability is to be realized. 


Figure 14. Switch¬ 
ing-time curve for 
three-phase fault 
near sending end on 
one of two parallel 
300-mile lines, with 
one intermediate switching station 
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CONSTANTS ASSUMED 


CRITICAL SWITCHING TIME-CYCLES 


Fault results in the tripping out of the 
faulted line section. Hydroelectric generating 
station carrying full rated load before fault 


The effect of short-circuiting the capaci¬ 
tors instantaneously and then restoring 
them two cycles after the faulted line 
section is switched out is shown in Figure 
15. This calculation involved the use of 
the equal area criterion as previously 
outlined. 4 The curves indicate that on 
this basis the most severe fault requiring 
the switching out of the capacitor is a 
little more severe than a three-phase 
fault on the sending end where the capaci¬ 
tors can be left in, or by-passed and im¬ 
mediately reinserted after the fault is re¬ 
moved with the same effect. It is thus 
shown that the effect of a two-cycle time 
delay in reinserting the capacitors is of 


Figure 15. Switching-time curve for three-phase fault near sending end on one of two 
parallel 300-mile lines, with two intermediate switching stations 

Fault results in the tripping out of the faulted line section. Hydroelectric generating station 
carrying full rated load before fault 

A Fault at sending end capacitors not short-circuited out for fault or immediately reinserted 

when fault removed 

B —Fault near capacitor—capacitor short-circuited during fault and rein¬ 
serted two cycles after faulted line section cleared 


such low magnitude that it could be neg¬ 
lected for the general study. 

Machine Hunting and 
Abnormal Voltages 

It is well known that hydroelectric 
generators not equipped with amortisseur 
windings connected to long lines experi¬ 
ence hunting during light-load periods. 
It is also known that series capacitors 
magnify and encourage such hunting. 
A good analysis and bibliography of this 
phenomenon is given in reference 6. In 
this analysis it is shown that machines 
equipped with suitable amortisseur wind¬ 
ings will not experience hunting when 
transmitting power over lilies up to 300 
miles (the extent of the study) in length 
and fully compensated. In view of these 
findings, and since a maximum of 75 per 
.cent compensation is useful for stability 
reasons, it is felt that properly designed 
damper winding will prevent this diffi¬ 
culty. 

Reference 7 of the paper presents an 
analysis of possible abnormal voltages 
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Figure 16. Switch¬ 
ing-time curv for 
three-phase fault 
near sending end on 
one of two parallel 
300-mile lines, with 
three intermediate 
switching stations 

Fault results In the 
tripping out of the 
faulted line section. 


Hydroelectric generating station carrying full rated load before Fault 
~Lo?lg~DistQ>7lC6 TYQ,7lS7Ylissio7l TRAN’S ACTIONS 63 







H* 3 OC 


3*3 ' a 



UNIT POWER *KV® 



sO COMPENSATION 


Figur 18. Critical 
switching tim as 
affected by tran¬ 
sient reactanc 

300-mile line. Ma¬ 
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load before fault 


Figure 17. Switching-time curve for three-phase fault near sending 
end on one of two parallel 300-mile lines, with four intermediate 
switching stations 

Fault results in the tripping out of the faulted line section. Hydro¬ 
electric generating station carrying full rated load before fault 



occurring in long lines in general, and in 
lines having series capacitors in particu¬ 
lar when an unloaded or lightly loaded 
transformer is left connected on the re¬ 
ceiving end. These overvoltages become 
possibilities when low-side switching is 
used. Since high-side switching is gen¬ 
erally necessary for stability, this should 
not present a serious problem. Attention 
is directed to this phenomenon so that it 
will receive just consideration in a par¬ 
ticular instance. 

Illustration of the Use of the 
Curves 

Assume that it is desired to transmit 
the output of a 250,000-kw hydroelectric 
station a distance of 300 miles, over a two- 
circuit line, into a typical receiving sys¬ 
tem such as used in this study. 

Consider two possible transmission 
voltages, 230 kv and 287 kv. The genera¬ 
tor kilowatts are therefore 

* , 250,000 

At 230 kv '( 230 ) 2 = 4 -72 unit 

a oo, , 250,000 

At 28/ kV ”( 287 ) 2 ===3 ' 03 per unit 

To determine the steady-state limit for 
such a system with all lines in, refer to 
Figure 2. Steady-state data given by 
Figures 1 through 8 are on a per circuit 
basis, hence the above per-unit kilowatts 
must be divided by two for the two-cir¬ 
cuit line under consideration. 

Table II indicates the information of 
interest and the curves on which the 
values are found. 

The fault-clearing times given in Table II 
are of course for a three-phase fault near 
the sending end of one of the high-voltage 
lines, and are based either on the series 
capacitor remaining in the circuit or on its 
immediate reinsertion after the fault is 
removed. The effect of increasing the 


generator inertia may be determined by 
multiplying these times by a/ per-unit 
generator H/ 3.0. An estimate of the 
additional clearing time obtainable by 
the use of a lower generator transient 
reactance may be obtained "from Figure 
18, taking the A t s for a given Ax d ' f or 
conversely, finding the Ax/ required for 
a needed At s . 

It is seen that if four-cycle total clear¬ 
ing time is used, and the lines are de¬ 
signed for 230 kv, transient stability may 
be maintained, for example with: 

(a) . Two switching stations -and 75 per 
cent compensation, and a per-unit generator 
H of 3.8 rather than 3.0, (or an x/ of 0.28 
instead of 0.30). 

(b) . Three switching stations, 50 per cent 
compensation, per unit H = 6.85 (or an x A * of 
0.23). 

(c) . Three switching stations, 75 per cent 
compensation. 


If the lines are 287 kv, transient stability 
through a three-phase high-voltage send- 
ing-end fault may be maintained with 


Aliening stations, Zb per cen 
compensation, per unit 77=9.1 (or an x A ' c 
0 . 20 ). 


(b). Two switching stations and a little 
less than 50 per cent compensation. 


The most economic combination of 
transmission voltage, reactance com¬ 
pensation, generator inertia, and short- 
circuit ratio may be obtained with cost 
data and an analysis along these lines. 


Interpretation of Data for Genera¬ 
tors Having Different 
Characteristics 


The generator characteristics used 
were considered representative of the 
average hydroelectric installation. Pro¬ 
jected systems involving long lines will 
undoubtedly have larger short-circuit 
ratios, lower transient reactances, and 


larger inertia constants than tlie average: 
hence a word on the interpretation of re¬ 
sults for such cases will be given. 

Consider a 300-mile two-circuit un¬ 
compensated line with two intermediate 
switching stations, with machine con¬ 
stants as follows: 


X(i f H constant 

0-175.9.5—Boulder Dam Units 1 ' 

0.30.3 —Used in this study 


These are the constants of the 82,500- 
kw generators at Boulder Dam, and they 
represent a large variation from the aver¬ 
age taken for this study. 

(n) Correction for Inertia (IT) 
Constant 

The critical switching time for a given 
set^of system conditions varies as the 
VH t and so for an II of 9.3, the critical 
swi tchin g time should be increased by 
a/ 9.3/3 — 1.78. Referring to Figure 15, 
for the case in question, the switching 
times of the curve for zero compensation 
should all be multiplied by 1.78 for a 
given generator rating. . 

(b). Correction for Transient 
(x/) Reactance 

From Figure 18 it is seen that 2.5 
cycles is a conservative correction to 
make in the switching time when de¬ 
creasing x/ from 0.30 to 0.175. Making 
this correction to a u zero compensation M 
curve as located by H constant correction 
in the preceding paragraph, the dotted 
curve in Figure 18 is obtained. This new 
curve shows that the full output of a 2,4 
per-unit rated generator having the new 
characteristics can be carried through a 
three-phase fault at the sending end of a 
300-mile line with a total clearing time 
of four cycles. At 287.5 kv this cor¬ 
responds to 280,000 lew, essentially agree- 
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Figure 19. Maxi¬ 
mum swing current 
with stability after 
clearing stub-feeder 
fault 

Line 75 per cent 
compensated 



ing with published calculated perform¬ 
ance data for the 287.5-kv Boulder Dam- 
Los Angeles lines . 8 


plication. A per-unit generator inertia or 
H constant of 3.0 was used, which is typical 
for a machine of normal short-circuit ratio. 
Since the critical switching times vary di¬ 
rectly with Vh~, the effect of other values 
may be readily evaluated. The line con¬ 
stants selected as typical and nearly con¬ 
stant regardless of voltage for high-voltage 
60-cycle lines, were 


Appendix I. Description of 
System Studied 

A hydroelectric station, whose per-unit- 
kilovolt-ampere rating, called a factor C 
(see Appendix II), was varied, supplies 
power to an infinite bus through: 

1. A step-up transformer bank of 0.10 per-unit 
reactance. 


r-\-jx = O.I 2 + 7 O. 8 O ohms per mile 
g+jb = 0+75.2X 10“ 6 mhos per mile 

The relationship between actual ohms and 
per-unit ohms on a given kilovolt-ampere 
base for a particular kilovolt is: 

per-unit ohms = 

actual oh ms X kilovolt-ampere base 
(kilovolts) 2 1,000 


2. A transmission circuit of typical GO-cycle con¬ 
stants. 

3. A step-down transformer bank of 0.10 per-unit 
reactance. 

4. A receiving system having a steady-state per- 
unit reactance of 0.15 and a transient reactance of 
0 . 10 . 

Constants selected for the generator in per 
unit on its rating were 

0.70 

.'Teqmv — 0.50 — “' 

short-circuit ratio 

V-0.30 

This corresponds to a short-circuit ratio of 
1.4, which is representative of the average 
machine. The effects of both lower and 
higher short-circuit ratios were investigated. 
A generator power-factor rating of 0.95 was 
used as a nominal value for this type of ap- 


Hence on the kilovolt-ampere base — 
(kilovolts) 2 , used throughout this study 

actual ohms ■ 

per-unit ohms =- r- 

1,000 

and therefore the line constants on the base 
selected varied only with line lengths. This 
was another convenience resulting from the 
use of this base. 

Appendix II. A Note on the 
Factor C 

A generator having a per-unit kilovolt¬ 
ampere rating of C as used in this study has 
a kilowatt rating of 0.95 C (kilovolts) 2 , be¬ 
cause a 0.95 power-factor machine was as¬ 


sumed throughout. For an equivalent re¬ 
actance #equiv of 0.50 on the kilovolt-am¬ 
pere rating of C (kilovolts ) 2 the reactance on 
the (kilovolts ) 2 base is 0.50/ C. This fol¬ 
lows from the relationship that 


tfoquiv (on given base) = 

Xequiv (on rating) X 

Hence 

tfequ.v (kv ) 2 base~x 0 quiv (on rating) 
^eqaiv (on rating) 
C 


g iven base 
rating 

kv 2 ' 

C(kv ) 2 


The same relation holds for the sending 
end and receiving end transformer and re¬ 
ceiving system reactances, as indicated on 
the sketch accompanying each figure. 
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A Useful Equivalent Circuit for a 
Five-Winding Transformer 

L. C. AICHER. JR. 

ASSOCIATE AIEE 


Synopsis: It has been indicated that there 
is a growing interest in the possibilities of 
multiwinding transformers with five wind¬ 
ings. The lack of a suitable equivalent cir¬ 
cuit for this type of transformer has retarded 
some of these engineering analyses. This 
paper presents a practical equivalent circuit, 
together with a development of the neces- 
sary. formulas. Numerous mathematical 
manipulations have been omitted in the 
interest of brevity. Several of these manipu¬ 
lations are the key to the simplicity of the 
final working formulas. Examples show 
how the various equivalent-circuit parame¬ 
ters are evaluated. Factors affecting the 
voltage regulation of a five-winding trans¬ 
former are brought out with the aid of an 
example in which two sources of supply are 
present. An objective of the analysis has 
been to keep the equivalent circuit suitable 
for the calculating board. Several precau¬ 
tions in this connection are discussed. 


T HE demand for electric power in 
greater quantities and with optimum 
continuity has increased the transmission 
engineers’ interest in interconnected cir¬ 
cuits and the multicircuit transformers 
associated therewith. Considerable has 
been published on three- and four- 
winding transformers. 1 This article en¬ 
larges the field to include a much more 
complicated unit, the five-winding trans¬ 
former. 

It should be emphasized that multi¬ 
circuit transformers present many prob¬ 
lems which cannot be solved by two- 
winding methods. These complications 
relate to leakage-impedance phenomena 
associated with the many fluxes illus¬ 
trated in Figure 1. Among the more 
important characteristics affected by 
these phenomena are 


manipulation of the parameters may 
prove perplexing and unduly complicated. 


Theory 


The general theory of a five-winding 
transformer is no different from that with 
a lesser number of windings. Such a 
transformer consists of five separate 
windings that are mutually coupled by a 
single magnetic core, illustrated best as 
in Figure 1. This transformer can be 
analyzed in the conventional manner 
common to multicircuit transformers of 
a lesser number of windings, wherein the 
basic differential equations of voltage can 
be expressed as follows: 


. , _ di] din du 

£1 = TTzi-f-Za — b-h'A —• + Mu —-f- 
dt dt dt 

■h,r , * r di z 
dt dt 


„ . . T di2 di] du 

ez-nin+Lz — H-ilfai —-f 

dt dt dt 


Mu ~+M 25 
dt dt 

• i t dh , _ _ di] din 

£3 - r 3 /. s -f L 3 *— + — -f jV/ 32 —*'+ 

dt dt dt 

, r div di h 

Mu di +M 'Ui ■ 

e\ = r i i,-\-L i + —-f- 

dt dt dt 

,. di 3 di b 

Mu — + 

dt dt 

. , *r di& dii di» 

- r b i b -\-L h — + M bX — + M& — 
dt dt "dt 

r i i r- di$ 

7 


(“’■ where the subscripts refer to the windings 

(b). Load division between circuits. involved, and 

foLer P s arallel ° Perati0n with other trans - « = applied voltage 
, . r — winding resistance 

( ). Efficiency. f = winding current 

(e). Short-circuit characteristics. L = coefficient of self-inductance 

= coefficient of mutual inductance 

The interlinkage of the various leakage------_ 

fluxes due to load currents in the different Paper 43 ~ 2 ' rec °mniended by the AIEE committee 
Circuits affect the various voltages in N.?! 

complicated and sometimes unexpected { an M a o? 25 29, 194S - Manuscript submitted 
ways. It is therefore necessary to have M* 1B42i made avai,ab,e for printin * 
a clear conception Of the leakage im- L. C. Aichbr, J K „ is assistant electrical engineer 

pedance relationships; otherwise the * lectncal t . ransformer division, Aiiis-Chaimers 

r U1C Manufacturing Company, Milwaukee, Wis. 


A rigorous mathematical treatment 
of the foregoing fundamental equations 
will lead to terms suitable for an equiva¬ 
lent circuit. 

A true equivalent circuit for a trans¬ 
former is one which cannot be distin¬ 
guished from the actual transformer by 
any observations that can be made at its 
terminals. It is the terminal character¬ 
istics of a transformer and not the char¬ 
acteristics of some particular coil within 
the transformer that are of interest. 

As in most practical transformer equiva¬ 
lent circuits, magnetizing ‘ current has 
been neglected. This results in an equiva¬ 
lent circuit of sufficient accuracy for 
most all power-circuit problems. The 
circuit contains components which rep¬ 
resent winding resistance, self-induct¬ 
ance, and load or mutual impedance. 
Any winding can be used as the supply 
winding; in fact, more than one winding 
may be connected to a source of energy. 

Properties of the Equivalent Circuit 

It is a physical and mathematical 
necessity that a completely equivalent 
network have as many independent 
elements (or degrees of freedom) as the 
original system. The properties of a 
circuit for the problem at hand are: 

1. The circuit must have five points of 
entry corresponding to the five windings of 
the transformer. 

2. The circuit must have ten independent 
elements in order that the ten independent 
measurable impedances of the transformer 
may be simulated. 

3. The circuit should be one that avoids 
excessive calculation. The impedances 
should be simple functions of the measur¬ 
able transformer impedances obtained in 
commercial transformer production. 

4. The circuit should be free from nega¬ 
tive-impedance elements. Although this 
characteristic does not void the solution of 
any problem, it does complicate studies on a 
calculating board, as negative resistance 
cannot be easily provided. Moreover, a 
circuit with no negative reactance is de¬ 
sirable since it may be used on both the 
a-c and d-c calculating boards. 

Upon designating the five windings of 
Figure 2, with the numbers 1, 2, 3, 4, and 
5, the ten independent impedances which 
can be measured at the terminals of the 
transformer are: 

Zll Z 13 Z 14 Z 15 

^23 ^24 Z 26 

Zm Z 35 
Z 45 

Each of these impedances is measured by 
applying sufficient voltage to p ne of the 
windings, whose number appears in the 
subscript, to circulate a current in a short 
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Table I. Mesh Currents for Example 2 



Figure 2. A simple 
five-winding trans¬ 
former 


circuit on the other winding, whose num¬ 
ber appears in the subscript, its magni¬ 
tude adjusted to the kilovolt-ampere 
base chosen. All other windings remain 
open-circuited. 

The equivalent circuit used, in this 
derivation of general formulas is that 
shown in Figure 3. Throughout the 
derivation of these general formulas, the 
loads indicated will not be considered. 

Derivation of Formulas 

Quantitative evaluation of the parame¬ 
ters for the five-winding transformer 
shown in Figure 3 can be obtained from 
these fundamental equalities: 


Zu = Zi-\-Zz~\- 


1 


r-b; 


1 


Z\z = Zi J rZz J r 


Zu = Zi-\-Z<i-\- 


Z\z ~ Z\~\~ z§~\~ 


Zzz — Zz~\~ Zz~\~ 


Z b Zr-\~Z%-\- Z$-\-Z\Q 
_1_ 

-— -+ 7 --- 

Z^-\-Zi Z%-\-Z$-\-Z\q 

1 _ 

—I— 

ZeH-Z 7 4'Z^ Zg-j-Zio 

_1_ 

--- 

Z G ~\~Z , i~\~ Zg~j~ Zg Zio 

1 


l 


( 1 ) 


(2) 


(3) 


(4) 


(5) 


Z 7 Z G -\-Z G -\-Z§-\-Z\ G 
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Load- 

Mesh Currents Due to Each Load Current 


On Ie 

It 

Is 

Is 

Iio 

Ii... 47.49H-j21.02 
It... 60.20-jl31.90 
It. . .217.30+il43.90 
It... 15.69-jl4.91 

16.51 -j69.02 
-119.01+J160.45 
-202.30-jT17.92 
-2.52-fi8.38 

16.51-j‘69.02 
-60.20-f-il31.90 
— 202.30—ill7,92 
-2.524i8.38 

16.51-j69.02 
— 60.20 4il31.90 
-217.30-jl43.90 
-2..52 4i8.38 

16.51-j69.02 
—60,204i131,90 
-2l7.30-jl43.90 
— 15.69 4jl4.91 

Total 340.68+ilS.ll 

-307.32-jl8.ll 

— 248.51 —j‘46.66 

— 263.51 —j'72.64 

— 276.68 —j'66. 11 


Z'l^ Z 2 4* z ^~\— 


Z 2 5 — Z 2 4" Zb~\~~ 


Zr-\-Zs Z^-j-Zo-j-Zio 
1 


-+Z 


■2^34 — Zg-f - Z \~\— 


Z7-fZs-fZo Ze-j-Zio 
1 




1 


Zzt — Zz-\-Zz~\- 


Zz Zt-\rZT-\-ZQ-\-Zu) 
1 




l 


Zm ~ Zx-^-Z^- 


Zg+Zg Za-^Z 7 ~\~ Zio 

_1_ 

£ 1 _ 

Zg Zg+Zio 


(6) 


(7) 


( 8 ) 


(9) 


( 10 ) 


These equations can be simplified by 
successive steps and solved simultane¬ 
ously resulting in the following ten ex¬ 
pressions : 


Z 6 Z 7 =(/C-2Z 2 ) 


Z«Z 8 = X,f‘ 
2 

Z 0 Z 8 = M— 
2 


2, 


ZqZio ■ (N —2Zi) 
Z 7 Z 8 =(0-2Z 3 ) 
Z 7 Z,=P^ 
Z 7 Z 10 = (?|‘ 

Z 8 Zs = (J? —2Z ( )' 


2 

Z t 


ZgZio= z 


Zt 


z,z I0 =(r-2z 6 )^ 

in which 
K — Z23 Z12 —Z13 

L = Z\z-\- Zz\ — Zu—Zzz 
M— Zi4+Z2fi — Z\ — Z 24 
N — Z\2~\~ Z 15 Z 25 
0 — Z 34 +Z 23 — Z 24 


( 11 ) 

( 12 ) 

(13) 

(14) 

(15) 
( 10 ) 

(17) 

(18) 

(19) 

( 20 ) 

( 21 ) 

( 22 ) 

(23) 

(24) 

(25) 


P — Z244Z35 — Z34 — Z26 

(26) 

<2 = Zi3-4Z2s —Z12 — Z33 

(27) 

R ~Z 4 b~\~Zzi — Z35 

(28) 

S = Z144-Z35 — Z13 — Z45 

(29) 

T~Z^-\-Zn — Z 14 

(30) 

and 


Zj = Zfi H~Z 7 -j- ZsH-Zg-h^io 

(31) 


The links of the pentagonal mesh are 
evaluated by using the following alge¬ 
braic relations in the second-degree 
equations 12, 13, 16, 17, and 19: 

Z 7 = flZ 6 
Z% — bZ§ 

Zg — CZ(> 

Z 10 = dZa 

Equating various of the resulting ex¬ 
pressions to the common quantity Z Gl 
these coefficients are obtained: 


6 = 




M 

SP 

QM 

SP 

LQ 

S 


Equations 11 to 20 inclusive are solved 
for various of the network parameters 


resulting in 



N 

1 



Zi = 

2 ~ 

'z, 

(ZnZio) 

(32) 

Z 2 = 

K 

2 ~ 

1 

'z, 

(Z fi z 7 ) 

(33) 

Z 3 — 

w l 0 

1 

1 

Zt 

(Z 7 Z g) 

(34) 




Table A 


Wind¬ 



Kilovolt- 

Reactance 

ing 



Ampere Base 

Per Cent 

1 to 2. 



.20,000. 

.14 

1 to 3. 



.20,000. 

.20 

1 to 4. 



. 5,000. 

.12 

1 to 5, 



. 5,000. 


2 to 3. 



.20,000. 

.16 

2 to 4. 



. 5,000. 

.10 

2 to 5. 



. 5,000. 

.11 

3 to 4, 



. 5,000. 

. 8 

3 to 5. 



. 5,000. 

. 8 

4 to 5, 



. 5,000. 

. G 
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.7 ?-3 


v R 1 

, = 2“Z, (ZsZ9) 

(35) 

T 1 

^ h ~2 (Z 9 Z 10 ) 

(36) 


(37) 


(38) 

7 SF 7 

(39) 

Z SP 7 

Z *~^L Z ' 

(40) 

Z]n~ i Ze 

(41) 

~ Z> +Z 7 +ZS+Z 9 +Z 10 

(31) 


in which the constants are those pre¬ 
viously defined. 


Comments on Negative Impedance 

No practical use can be made of the 
negative resistances or reactances of 
transformers as negative impedance by 
themselves. These negative impedances 
can be considered as mathematical fic¬ 
tions. They are virtual values. They 
reproduce faithfully the terminal char¬ 
acteristics of the transformer, but they 
cannot necessarily be applied to internal 
coils. 

Negative resistance may appear in 
high-efficiency transformers in which the 
stray impedance losses become appreci¬ 
able when compared with the low ohmic 
. copper losses. This condition quite often 
occurs in three-winding transformers 
and is even more apparent in a five- 
winding transformer. 

The total leakage reactance between 
a pair of windings cannot be negative, 
but there is no reason why the mutual 
effect between circuits for load currents 
may not be negative, depending on how 
the leakage field of one interacts with 
that of the other. In the circuits con¬ 
sidered, the individual leakage imped¬ 
ances assigned to a circuit constitute 
mutual load impedance for the other 
circuits, and as such may be either posi¬ 
tive or negative. 

The total copper losses, including 
stray impedance losses, are correctly 
represented by the equivalent circuit, 
whatever the signs of its branches may 
be; but the simple equivalent circuit 
provides no means of distributing the 
losses within the transformer windings. 
Some of these losses are not in the wind¬ 
ings at all, but in the clamps, core end 
plates, and tank, and therefore the con¬ 
ductor heating cannot be based on the 



Figure 3. Five-winding transformer equivalent 
circuit 


losses of the equivalent circuit. However, 
the total impedance losses causing the 
heating of the oil are given by the equiva¬ 
lent circuit. 

Examples 

The foregoing theory can be applied to 
any five-winding transformer in a manner 
similar to that encountered in any elec¬ 
trical network. The only requirement 
is that certain data relating the actual 
circuits must be available either from 
measurements or from design calcula¬ 
tions in order that the equivalent circuit 
may be set up. With the aid of the equa¬ 
tions developed herein, each unknown can 
be evaluated singly. It is evident that 
all equations, depend upon determining 
the mesh impedances in the order Z 6 , Z 7 , 
Z 8 , Z 9 , and Z t0 . 

The application of these principles to 
two types of problems will be outlined in 
detail. Regardless of the degree of sim¬ 
plicity or complexity, the same precise 
rules must be followed. The importance 
of observance of the sign, positive or nega¬ 
tive, accompanying each numerical value 
cannot be emphasized too strongly. 

The first example demonstrates the use 
of this method of solution when only the 
reactance component of impedance is 
important. A second example treats re¬ 
sistance and reactance with equal im¬ 
portance, as is common when complex 
quantities represent the impedance units. 
Only a single-phase solution need be made 
for any balanced three-phase bank; how¬ 
ever, if unlike transformers are involved, a 
solution for each phase must be made. 

Example 1. Reactance Components 
Only. A five-winding transformer has 
the reactance between windings related to 
the kilovolt-ampere base indicated for 
each as shown in Table A. When all react¬ 
ances are translated to a common kilovolt¬ 
ampere base, 20,000 in this case, the re¬ 
actance values become those indicated in 
Table B. Then 


K — Z 23 +Z 12 —Zi3 = 10 + 14 — 20 = 10 
T—Z 13 +Z 04 —Z 14 — Z 23 = 20+40—48—16 
= -4 

M=Zu +Z 2 :, — Zir,— Z u = 48+44 — 60 — 40 
= —8 

A'=Zi 2 +Z j5 —Z 2 o= 14+60 —44 = 30 
O ~ Z 34 +Z 03 —Z 04 = 32+16 — 40 = 8 
R Z 24 + Z^i, Z 34 Z 25 = 40+32 — 32 — 44 
= —4 

Q =Z 13 +Z 21 S—Z 12 — Z 36 = 20+44 —14 — 32 
= 18 

R = Z 45 +Z 34 - Z 36 = 24+32 - 32 = 24 
S —Z 14 +Z 35 —Z 13 —Z 4 6 = 48+32—20 — 24 
= 36 

■^ ,= Z^4o+Z 15 Zu = 24+60 — 48 = 36 


The mesh links are 


7 MQL L 

Ar> = —--j— 

2 SR 2 




s (—8) X18 X ( —4) (—4) /18 

2X36X(—4) + 2 \36 + 1 ^ + 

(—8)/ 18 


2 \ —4 

Z ^Jf ^=~|xf)=4.5 

7 SP „ 3GX (—4) 

Z -Ql, *-5S«=9 x '- b 

„SP 30 x (- 4 ) 

2 “ = r8x(-i) Xfl=1 * 

7 5 v 3« 

2to= — X9=.-81 

J-t (- 1 -) 


+ 1 1 — 9 


Z t — Z 6 +Z 7 +Z 8 +Z 5 +Z 10 
=9+4.5+9+18—81= — 10 .5 


and the branches are 


„ N 1 

Zi — 0 “ „ (ZnZ 10 ) 

A A t 


30 


1 

’(-40.5) 


(9X —81) = —3 


2~Z t 
10 1 

■3 (9XJ5) - li 

Z H r'z, < z ’ 2 -> 


8 


2. (-40.5) 


(4.5X9) =5 


■ R 1 
^= 2 -- (ZA) 

24 1 

= 2 “(-40.5) ( 0X 185 = 16 

„ T 1 

~ 0 “ ~ (Z9Z10) 


2 Z t 


1 


- 3G _ 

" 2 (-40.5) 


(18X —81) = —18 


Example 2. Determination of Current 
and Voltage Relations for a Five-Winding 
Transformer Under Load Conditions. A 
single-phase five-winding transformer has 
the characteristics shown in Table C and 
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Tabic B 


Winding 


Reactance 
Per Cent 


1 to 2.]4 

1 to 3.20 

1 to 4. 48 

1 too.60 

2 to 3.16 

- to 4.40 

2 too. 44 

3 to 4.32 

3 to 5.32 

4 to 5.24 


impedance data given in Table D. The 
circuit diagram of this transformer is 
shown in Figure 2 . 

The following information about this 
transformer installation is required: 

1. The equivalent circuit. 

2. The load on winding 3 and its power 
factor when power is supplied from a trans¬ 
mission line to winding 2 , maximum capac¬ 
ity 10,000 kva, and from a local generat¬ 
ing station to winding 3. The load is on 
windings 1 and 5, and a synchronous con¬ 
denser is on winding 4 for power-factor cor¬ 
rection. The loads and their power factor 
are shown in Table E. In order to operate 
the transmission line connected to winding 
2 at its optimum value, an overload of 
1,500 kva is necessary on winding 4 from 
the synchronous condenser. 

3. The voltage at each transformer 
terminal if it is desirable to maintain rated 
line voltage on winding 3, assuming load 
ratio control equipment is available to dis¬ 
tribute the loads as given in 2 . 


Solution of 1. The equivalent circuit. 
The-impedance when referred to a com¬ 
mon base of kilovolt-amperes of 30,000 is: 


„ /50X10Q \ 

„ / 150X100 \ 

z -{lom +f!0 )- 0 - 5+JX 

/ 3QX10 
\ 7,500 


„ /30X100 \ 

Zn = ( —h/10 14 = 1.6+7*40 


Zu = 


/ 15X100 


5 \ 5,000 
MOXlOO . 

\ 10,000 " L " 1 


+7*15^6 = 1. 


8-K/90 


^23 = 1 ~ ~r T T — 1 +7*10 )3 = 1.2-h/30 


Z>2\ ~ 


52.5X100 


Z 25 = 


7,500 

/20X100 
A 5,000 


+7*5 = 2 . 8 + 7*20 

+7*15^6 =2.4+7*90 


Table C 


Wind¬ 

ing 

Kilovolt- 

Amperes 

Circuit 

Voltage 

1. 

.30,000. 

.230,000 Wye 

2. 

.10,000. 

.115,000 Wye 

3. 

.30,000. 

. 22,000 delta 

4. 

. 7,500. 


5. 

. 5,000. 



„ /45X100 . \ 

2 “-(isr + -’ I T - 24+ - /40 

/30X100 \ 

z “-(,15oo- + -' 10 j 6 - 3 - e+i6 ° 

„ /25X100 \ 

Zj 6 = (l,ooT +j5 j 6 = 3 ' 0 +^ 30 


from which 


IC=Z i3 +Z 12 -Z 13 = (1.2+730) + (1.5+7*60) - 
(0.5+7*20) =2.2+770 
ZupZu — Z22 = (0.5+7'20) + 
(2.8+720) - (1.6+740) - (1.2+7*30) 

= 0.5-730 

-17=^13+^25— Zi 3 — Zia — (1.6+7*40) + 
(2.4+7*90) - (1.8+790) - (2.8+7*20) 

= - 0 . 6 + 7*20 

iV=Zi 2 +Z, 5 -Z S 5 = (1.5+7*60) + (1.8+7*90) - 
(2.4+7*90) =0.9+7*60 

0 = Z U +Zn-Z 2i = (2.4+7*40) + (1.2+7*30) - 
(2.8+7*20) =0.8+7*50 

P — ^24+^36 — Z 3 \ — Z‘i 5 = (2.8+720) + 
(3.6+7*60) - (2.4+7*40) - (2.4+7*90) 

= 1.6-7*50 

Q=Zi3-\-Z<&— Z 12 — Z 33 = (0.5+7*20) + 
(2.4+7*90) - (1.5+7*60) - (3.6 + 76 O) 

= - 2 . 2 - 7*10 

R = Z ib +Z 3i —Z 3 ,, = (3.0+7*30) + (2.4+7*40) - 
(3.6+7*60) =1.8+7*10 

S=Zll-{-Z 3 3—Zl3—Zu = (1.6+740) + 
(3.6+7*60) - (0.5+7*20) - (3.0+7*30) 

= 1.7+7*50 

P = Zto-j-Zit —Zh = (3.0+7*30) + (l. 8+7*90) — 
(1.6+7*40) =3.2+7*80 

Substituting these values into the equa¬ 
tions for the mesh impedances, 37 to 41, 
and 31, these result: 


JfQL LQ \ M/Q 
6 25P + 2V‘S' + j + 2\P + 

= (—0.6+7*20) (—2,2— 7 'tO) (0.5—7 *30) 
2(1.7 +7*50) (1.6 -7*50) 
( 0-5-7*30) / -2.2- 7*10 \ 

2 V 1.7+7*50 + J + 
(- 0 . 6 + 7 * 2 0 ) /- 2 . 2 - 7*10 
2 \ 1.6-7*50 

= 0.697-7*1.19 


+ 


+ 1 


^7 


P rr ' 1.6 -i50 / 

M Z ° = ^Wo (O * ,i07 -- 71 * 10 ) 
- 1 . 749 + 7 * 2.97 


SP z _ (1.0-7*50) (1,7+7*50) 

QM ‘ (-2.2- 7 IO) (-0.6+ 7 * 20 ) X 
(0.697-7*1.19) = 11.05-7*12.75 


SR z (1.7 +7*50) (1.6—7*50) 

QL e (-2.2- 7 IO) (0.5-7*30) X 

(0.697 -7*1.19) = -7.48+7*8.40 



7 _ 1 - 7 +j5 ° 
° 0.5-/30 
1.06+7*2.04 


(0.697-7*1.19) 


Z t — ^6+^7+Z*a+Z9+21io= (0.697—7*1.19) + 
(-1.749 +7*2.97) + (11.05 -7*12.7 5) + 
( 7 . 48 + 78 . 40 ) + (-1.06+ 7 * 2 .04) 

= 1.46 -7*0.53. 


It follows that the branch impedances 
from equations 32 to 36 inclusive are: 



1 

Z t 


(Z 3 Z j 0 ) = 


0.9+7*60 

2 


(0. 697 —7*1,19)( —1,06+7*2.04) 
(1.46 -7*0.53) 


0.03+7*28.03 


(0.697 —7*1,19) ( — 1.749 +7*2.97) 
(1.46-7*0.53) 

= 0.61+7*31.98 

*-1-5 <*»-***- 

( —1.749+7*2,97) (11,05—7*12,75) 
(1.46-7*0.53) 

= 1.28-7*12.45 

(11.05—7*12,75) (—7,48+7*8.40) 
(1.46-7*0.53) 
=27.43-7*117.70 

( —7.48+7*8.40) (-1.06+7*2.04) 
(1.46—^0.53) 

= 1.87+7*56.65 


Solution of 2. The Power Supplied to 
Winding 3 and Its Power Factor When the 
Fluctuating Load Is Absorbed by the Gen¬ 
erating Station on Winding 3. In large 
power transformers the effect of losses and 
reactance on input energy and power fac¬ 
tor as compared with the output and its 



Figure 4. Assumed directions of currents for 
example 2 

power factor is quite small, sufficiently so, 
to justify its omission in the interest of 
simplification. 

The second source of power, that of 
winding 3, is regarded as a negative load. 

Kilovolt-ampere load on winding 1 

=24,000 (0.8—7*0,6) = 19,200—7*14,400 
Kilovolt-ampere load on winding 2 

= -10,000 (I.O+ 7 O) = - 10 , 000 + 7*0 
Kilovolt-ampere load on winding 4 

=9,000 (0.5+70.866) =4,500+7*7,794 
Kilovolt-ampere load on winding 5 

= 4,500 (0.9-7*0.435) =3,950-7*1,958 
Kilovolt-amperes supplied by winding 3 

= 17,650-7*8,564 
= 19,625 kva at 89.9 per cent power factor 
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Table D 


Table E 


Kilovolt- Copper Loss Reactance 
ing Ampere Base Kilowatts Per Cent 


1 to 2 ... . 

_10,000 . . . 

50 

1 to 3 ... . 

. . . .30,000. . . 

150 

1 to 4. . . . 

.... 7,500, . 

30 

1 to 5 ... . 

_ 5,000. . . 

. . 15 

2 to 3 .... 

_10,000. 

40 

2 to 4. 

. 7,500. . . 

.. . 52.57! 

2 to 5. 

- 5,000. . . 

...20 ... 

3 to 4. 

_ 7,500. . . 

.. . 45 

3 to 5. 

_ 5,000. . . 

■. . 30 

4 to 5. 

- 5,000 . . . 

. . . 25 . .’ 


.20 
.20 
.10 
.15 
.10 
. 5 
. 15 
.10 
.10 
. 5 


On winding 1 (19,200-7*14,400) 


100 

30,000 “ 
04-j48«7, 


On winding 2 ( 10 , 000 +/ 0 ) 100 


On winding 3 (17,650- 7 * 8 ,564) 


On winding 4 (4,500+7*7,794) 


30,000 

33.33+i 0 =/ 2 
100 

30,000 “ 
58,81-7*28.55 =/ 3 

100 


30,000 
15.00+7*25.98 =/, 

On winding 5 (3,950-7*1,958) — 1Q ° = 
30,000 

13.17-7*6.53-/6 

The division of load by the various 
mesh circuits is arrived at by solving for 
the currents that exist, taking each load 
singly. After all loads are properly pro¬ 
portioned according to the rules of parallel 
circuits, the resultant current in each mesh 
link is found by a simultaneous super¬ 
position. Winding 2 is used as the source 
in all load-division computations. The 
direction of currents has been assumed as 
in Figure 4 in which the current in link 7 
due to load on winding 1 is: 

/7 —I& — /g—/io = ~ Ii 

0.697—7*1.19 

-Ti^^ (64 ^ 48 ^ 16 * 51 ^ 69 *^ 

Also 

/ 6 =/i ~/ 7 = (64 -7*48) - (16.51 -7*69.02) 
-47.49+7*21.02 


Wind¬ 

ing 


Kilovolt- 

Amperes 


Per Cent 


Solution of 3. The Voltage at Each 
Transformer Line Terminal When It Is 
Desired to hold 22,000 Volts Across Wind¬ 
ing 3 With the Local Generator. Since all 
values are expressed in terms of per cent 
with the exception of the loads, it is ad¬ 
vantageous to convert all loads to a per 
cent basis using 30,000 kva as the refer¬ 
ence. The per cent load on the windings 


Ii - In = —In = — J 8 = 

Z 7 -1749+/2.97 
3_ 1.46—_/0.53 X 


Also 


Z t 

= (~ 1.749+j2.97) + (11.05—j‘12.75) 


X 


Also 


1.46 -jO. 53 
(15.0+j25.98) =217.30+jl43.90 


1 7 =h =lWo = (15.0+/25.98) - (217.30+ 
7143.90) = -202.30-il 17.92 

Current in link 7 due to load on winding 
5 is: 

r - T -T Z ^ Zl ° r 
Zt 

(0.697—7'1.19) + ( —1,06+72.04) 
1.46-70.53 X 

(13.17-76.53) = -2.52+78.38 

Also 

/e- - Jio=/ 6 -/7= (13.17-7*6.53) - 

(-2.52+7*8.38) = 15.69-7*14.91 

The superposition of all currents is most 
conveniently handled in a table similar 
to Table I. 

The per cent voltage at the terminals 
of any winding is determined by sub¬ 
tracting the per cent voltage drop through 
the circuit from the 100 per cent value 
assigned to the winding used as a refer¬ 
ence. 

The per cent voltage drop in the 
branches and links of the mesh is: 


JiZi = (64 -7*48) (0.03 +7*28.03) 


100 


JL_ 

100 


= 13.47+7*1?.93 

I 2 Z 2 — (33.33+ 7 O) (0.61+7*31.98) 
- 0 . 20 + 7 * 10.66 

/ 3 Z 3 = (58.81 -7*28.55) (1.28 -7*12.45) 
-2.80-7*7.69 


100 


UZ, = (15.0+7*25.98) (27.43 -7*117.70) 
= 34.71-7*10.52 


100 


1.24,000.80 lagging 

4 . 9,000.50 leading 

5 . 4,500.90 lagging 


Current in link 6 due to load on winding 3 
is: 


/ 6 Z 6 = (13.17-j6.53) (1.87+7*56.65)^ 
= 3.95+7*7.34 


/eZ 6 = (340.68+7*18.11) (0.697- 71 .19) 
= 2.59-7*3.93 


100 


/7Z 7 = (—307.32—7*18.11)(—1.749+/2.97) 
= 5.91-7*8.81 


100 


(- 58.81 +7*28.55) = 60.20 -7*131.90 


/ 7 = -/ 3 +/ 8 = (-58.81+7*28.55) + 

(-60.20+7*131.90) = ^ 119.01+7*160.45 

Current in link 6 due to load on winding 
4 is: 

r r r ^7+Z 8 

J-d -+ 0 = —A = — Ii 


hZs = (- 248.51 -7*46.66) (11.05 -7*12.75) — 

100 

= -33.42+7*26.54 


/ 9 Z 8 = (—263.51—7*72.64) ( — 7.48+7*8.40) 
= 25.81-7*16.70 


100 


/ioZ 10 =(—276.68— 766 . 11 )(— 1 . 06 + 7 * 2 . 04 ) 

= 4.28—7*4.94 

The voltage on the generator bus is held 
at 22,000 volts, which is our 100 per cent 
base and the point from which all volt¬ 
ages are calculated. 

Per cent Vi = 100- (/ 3 Z 3 -/ 7 Z 7 +/ 6 Z 6 +J 1 Z 1 ) 
= 100- [(-2.80-7*7.69) - 
(5.91 - 78 . 8 I) + (2.59 - 7 * 3 . 93 ) + 
(13.47+7*17.93) ] =92.65-7*15.03 

and Vi =230,000V / §1^65 2 +T5^03 2 

=216,000 volts 

Per cent V 2 = 100 - (I 3 Z 3 -I 7 Z, -I 2 Z 2 ) = 

100 - ((-2.80 -.77.69) - (5.91 -j8.81) - 

(0.20+/10.66) ] = 108.51 -j'9.54 

and F 2 = 115,000 %/ 108.51 2 +9li4 2 
= 125,400 volts 

Percent F4 = 100-(/ 3 2 B +/ 8 T 8 +/ 4 z 4 ) 

= 100-[(—2.80—i7.69) + (—33.42+ 
j26.54) + (34.71 -jlO.52) ] = 101.52-^8.33 

and Fi = 13,800'v/101.52 2 +A33 2 
= 14,070 volts 

Percent F 3 = 100-(/ 3 Z 3 +7 8 2 8 +J fl Z 8 + 

JjZs) = 100 — [(—2.80-/7,69) +(—33.42 
+J26.54) + (25.81 -/16.70) + (3.95+ 

/7.34)] = 109.47-/9.49 

and Vi = 34,500%/109.47 2 +!h49 2 
= 37,930 volts 
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Paired-Phase B us Ba rs for Large 
Polyph ase Currents 


LAWRENCE E. FISHER 

MEMBER AIEE 

“■■HE design of efficient conductor sys- 
■ terns for large alternating currents 
has always been a problem, and the prob¬ 
lem is especially difficult witli large low- 
voltage polyphase currents, such as are 
found in feeder distribution systems for 
industrial plants. Special conductor 
shapes and arrangements have been pro¬ 
posed in the past and have proved satis¬ 
factory for some applications, but all 
have had their limitations. A new method 
of arranging bus bars, named paired 
phasing, has now been developed and 
has been found to be superior to conven¬ 
tional arrangements for transmitting 
polyphase currents in the range of 1,000 
amperes and above, at 600 volts and less. 

The paired-phase arrangement is de¬ 
scribed in this paper in terms of enclosed 
bus-bar systems, as most of the experi¬ 
ence in the use of the arrangement has 
been in that connection, but emphasis 
has been placed on the general character¬ 
istics of the arrangement rather than on 
this specific application. Therefore, the 
comparisons with conventional arrange¬ 
ments, the basic electrical and mathema¬ 
tical theory, and the construction and 
performance data will readily suggest the 
adaptability of paired phasing to other 
applications where efficient utilization of 
conductor materials and convenient struc- 
ture are desired. 

Only the three-phase version of the 
paired-phase arrangement is considered 
in this paper. It is shown in cross section 
in Figure 1. There are six conductors 
arranged in three separate and distinct 
pairs. The pairs are a-b, b-c , and c-a; 
that is, the two conductors in each close¬ 
spaced pair are connected to different 
phases. Each of the three phase currents 
is thus carried by two conductors in par¬ 
allel. Wide flat bars placed face to face 
proved to have the most satisfactory 
conductor shape. 

Summary 

With the paired-phase arrangement, 
many of the difficulties associated with 
the transmission of large alternating cur¬ 
rents are minimized. Nonuniform cur¬ 
rent density, including “skin effect” and 
“proximity effect,” is greatly reduced. 


ROBERT L. FRANK 

ASSOCIATE AIEE 

This results in low a-c energy losses which 
combines with effective heat dissipation 
to produce low and uniform temperature 
rise. Both resistance and reactance volt¬ 
age drops are very small, and voltage 
drop is almost perfectly balanced. Fur¬ 
thermore, the dimensions that produce 
all these desirable electrical and thermal 
characteristics lend themselves to con¬ 
venient structural designs wherein the 
problems of joining adjacent bus-bar 
lengths, making tap-offs, support against 
mechanical and short-circuit forces, and 
insulation are greatly simplified. 

There are several specific features 
which particularly adapt the paired- 
phase arrangement to prefabricated en¬ 
closed bus-bar systems. Enclosure, of 
course, impedes heat dissipation, but 
the low heat generation minimizes this 
effect. Metallic or magnetic enclosures 
cause no additional losses and no increase 
in reactance. Structural designs are pos¬ 
sible which facilitate erection in the field 
and the adaptation of standardized con¬ 
structions to special installation condi¬ 
tions. 

The paired-phase arrangement has 
several unique properties that distin¬ 
guish it from previously known ar¬ 
rangements. Its low voltage drop and 
low losses depend largely upon close in¬ 
trapair spacing, dimension s in Figure 1. 
The interpair spacing d, or different rela¬ 
tive pair locations, as illustrated by the 
three variations of Figure 1, have no ap¬ 
preciable effect upon voltage drop and, 
therefore, may be varied to obtain low 
temperature rise and convenient struc¬ 
ture. The balanced voltage drop of the 
paired-phase arrangement does not de¬ 
pend upon geometrical symmetry. 

A peculiar inherent characteristic of 
the arrangement is that the currents in 
each close-spaced pair of bars are nearly 
equal and opposite, or somewhat similar 

Paper 43-17, recommended by the AIEE committee 
on industrial power applications for presentation 
at the AIEE national technical meeting, January 
25-29, 1943, Manuscript submitted July 27, 1942; 
made available for printing November 30, 1942. 

Lawrence E. Fisher is director of research, Bull- 
Dog Electric Products Company, Detroit, Mich. 
Robert L. Frank, formerly in the research and 
development engineering department, BullDog 
Electric Products Company, Detroit, Mich., is now 
on active duty as an ensign in the United States 
Naval Reserve. 


to the currents in a single-phase trans¬ 
mission system, and this current division 
appears to be responsible for paired- 
phase performance. This single-phase 
approach also forms the basis of a simple 
method for calculating paired-phase per¬ 
formance. 

Paired-Phase and Conventional 
Arrangements Tested 

The best way to appraise the perform¬ 
ance of the paired-phase arrangements is 
by comparison with commonly used con¬ 
ventional arrangements, shown in Figure 
2. In contrast to the paired-phase ar¬ 
rangement, the laminated arrangement 
has closely spaced bars connected to the 
same phase, while the interlaced arrange¬ 
ment has the bars evenly spaced and not 
grouped into distinct pairs. 

A large amount of information has 
been published concerning open lami¬ 
nated bus bars where phases are well sepa¬ 
rated and no enclosures are present. 1 ' 2 
Most of this information is completely 
inapplicable to conventional enclosed 
bus-bar assemblies, because additional 
proximity-effect losses caused by inter¬ 
phase spacings of two or three inches, 
induced losses in metallic enclosures, and 
greatly restricted heat dissipation make 
performance much worse than com¬ 
monly supposed. Some temperature- 
rise data for small-size enclosed bus bars 
and some reactance and resistance data 
for large-size bus bars in aluminum en¬ 
closures are available, 3 but to fully com¬ 
pare and contrast the performance of the 
paired-phase arrangement new data will 
be presented upon all of the arrangements 
shown in Figures 1 and 2. 

Designs having two one-fourth- by 
four-inch round-edge copper bars per 
phase have been selected for presenta¬ 
tion; this size represents medium rather 
than large current-carrying capacity 
and emphasizes the need for careful con¬ 
ductor design even in this size. The basic 
paired-phase theory applies equally well 
to all conductor sizes commonly used. In 
general, the relative performance of 
larger siz s of laminated bus bars is much 
poorer, while the relative performance of 
larger sizes of paired-phase and inter¬ 
laced arrangements is roughly the same. 

In order to simplify comparisons, a 
rectangular 14-gauge steel housing with 
a cross-section perimeter of 53 inches 
was used in all tests ; the relative breadth 
and width were varied slightly to accom¬ 
modate the various arrangements. A 
housing of this size represents standard 
practice for the wider-spaced arrange¬ 
ments, but is larger than would ordinarily 
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Figure 3. Typical test setup 


TYPE I type 2 



Figured. Three variations of the paired-phase 
bus-bar arrangement 


s= intrapair spacing 
of = interpair spacing 
w= width 

be used with the very compact arrange¬ 
ments having a small over-all width, w. 
Performance of commercial compact ar¬ 
rangements with a smaller housing would, 
therefore, usually be slightly inferior to 
that indicated. 

The dimension s was kept constant at 
five-eighths inch during most paired-phase 
and laminated tests. Comparison of 
laminated performance with s equal one- 
half inch, the more conventional dimen¬ 
sion, indicated a difference of small mag¬ 
nitude. An intrapair spacing of five- 
eighths inch represents a more than ade¬ 
quate spacing for practical paired-phase 
arrangements. The effect of variation of 
this dimension will, however, be discussed 
as the test results are analyzed. 

All tests were made upon a 40-foot 

LAMINATED INTERLACED 



Figure 2. Conventional bus-bar arrangements 


run, comprising four ten-foot sections, in 
order to minimize end effects. In each 
case, all bus bars were connected to¬ 
gether at one end and low-voltage bal¬ 
anced three-phase 60-cycle current fed 
in the other end. Voltage measurements 
were made line to line at the feed-in end 
of the run to eliminate induced voltages 
in the potential leads. Power was meas¬ 
ured by a special low-voltage wattmeter. 
The point-to-point variation in current 
density in each bus bar was studied by 
insulated exploring wires cemented to the 
surfaces of the bars in the manner em¬ 
ployed by a number of experimenters. 4-6 
The exploring wire measurements also 
provided a means of analyzing the loca¬ 
tion of energy losses in greater detail 
than is possible with a wattmeter, which 
is suitable only for over-all averages. 
Each bar was equipped with 16 number 


28 wires, eight feet long, spaced at one- 
half inch intervals around the bar perime¬ 
ter. The voltage induced in each 
wire, which is a measure of the current 
density adjacent to the wire, was meas¬ 
ured by a rectangular co-ordinate a-c 
potentiometer. The total current in 
each bar was also measured with a mag¬ 
netic potentiometer or Rogowski coil. 7 

Temperatures were measured by ther¬ 
mocouples. In all tests both the bus bars 
and housing were painted with a non- 
metallic paint to assure maximum and 
consistent heat radiation. All tempera¬ 
ture rises given would be approximately 
25 to 35 per cent higher if the bus bars 
were not painted and 50 to 70 per cent 
higher if neither housing nor bus bars 
were painted. 

A portion of the research laboratory 
with a typical test setup is shown in Fig¬ 
ure 3. One housing section has been re¬ 
moved so that the interior construction 
may be seen. 

Voltage Drop, Temperature Rise, 
and Energy Losses 

Relative voltage drops and tempera¬ 
ture rises are given in Figure 4. Since the 
voltage drop is unbalanced to some ex¬ 
tent in all arrangements, both the maxi¬ 
mum line-to-line impedance drop and the 
minimum line-to-line impedance drop are 
plotted, with the area between shaded, 
so that the relative amount of unbalance 
may be seen. These values are plotted 
against the over-all width of the bus-bar 
assembly, w t for all of the vertical-bar 


arrangements, but it is not intended that 
comparisons be made only for equal over¬ 
all widths. This dimension has no direct 
significance for the paired-phase type-3 
arrangement, but impedance drops and 
temperature rise for this arrangement are 
plotted to the same scales so that ap¬ 
praisals may be made. For all arrange¬ 
ments the maximum temperature rise 
decreases for increased spacings. In the 
case of the laminated and interlaced ar¬ 
rangements, increased spacing causes 
both increased voltage drop and in¬ 
creased voltage-drop unbalance; in the 
paired-phase arrangements increased in¬ 
terpair spacing causes substantially no 
change in voltage drop but provides better 
voltage-drop balance. 

Impedance drops are separated into 
average reactance and resistance com¬ 
ponents in Figures 5 and 6, respectively. 
The reactance curves in particular show 
the independence of paired-phase charac¬ 
teristics upon relative pair position. The 
resistance curves show that both the 
paired-phase and interlaced arrangements 
have low average a-c resistance. This 
factor will be considered in more detail 
later in connection with an analysis of 
energy losses. The effect of intrapair 
spacing upon paired-phase reactance may 
be seen in Figure 7. This curve is actually 
for the type-3 arrangement but applies ap¬ 
proximately to any practical paired- 
phase arrangement where inter pair dis¬ 
tance is great relative to intrapair dis¬ 
tance. It shows that lower reactance if 
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OVER ALL. WIDTH, W-INCHES 

Figure 4. Effect of arrangement and spacing 
upon line-to-Iine impedance voltage drop and 
upon maximum temperature rise 

Temperature rises are in per cent of that of the 
best arrangements. Paired-phase and lami¬ 
nated, s — 5 / 8 inch. Type 3 paired-phase, 
d = 6 inches. Bar size l / 4 by 4 inches 

desired may be achieved by closer intra¬ 
pair spacing. 

Since the paired-phase arrangements 
with larger interpair spacings (type-1 or 2 
arrangement with an over-all width of 
about six inches or more, or a type-3 ar¬ 
rangement) have superior characteristics 
from all considerations, there appears to 
be no practical reason other than space 
limitations for using smaller inter pair 
spacings. Measurements made with 
these smaller spacings have been in¬ 
cluded, however, because of theoretical 
interest. 

The inferior performance of the lami¬ 
nated arrangement needs no further com¬ 
ment, except that one may point out that 
there may he special instances, such as 
short connection straps where its use in 
preference to a more efficient arrangement 
may be justified by structural limitations. 

In comparing the paired-phase and the 
interlaced arrangements, the practica¬ 
bility of obtaining various bus-bar spac¬ 
ings must be considered. Very close 
intrapair spacing is practical with paired- 
phasing, because bars may be offset into 
the vacant area surrounding each pair of 
bars at points where connections between 
adjacent bus-bar lengths or tap-off con¬ 
nections are to be made. Thus a clear 
space of one-fourth or three-eighths inch 
between paired-phase bars means a full 



spacing of that amount throughout the 
entire bus-bar run. The vacant area 
surrounding each pair also simplifies the 
problem of support and insulation. In 
the interlaced arrangement, because joint 
and tap-off connections must be made in 
the confined space between adjacent 
bars, clearances are necessarily decreased 
at these points, and insulation and in¬ 
stallation problems are complicated. In 
interlaced arrangements a compromise 
must be made therefore between electrical 
properties, temperature rise, and struc¬ 
tural complications; that compromise is 
not necessary with paired-phasing. These 
facts must be kept in mind when consider¬ 
ing the data presented in this paper. For 
instance, an interlaced bus-bar system 
with an over-all width, w, of ten inches 
would have l 3 / 4 inches between adjacent 
bars whereas a type-1 or type-2 paired- 
phase system of the same over-all width 
would have approximately 3 s /< inches be¬ 
tween pairs or a type-3 arrangement 
could be used without changing the 
electrical characteristics. 

The relative current density for typical 
bus-bar arrangements is shown in Figure 8 
in which the quantity plotted is the square 
of the magnitude of the current density. 
The measurements from the two faces of 
each bar have been averaged. This 
method of plotting gives an indication of 
relative energy losses, which are propor¬ 
tional to the areas under the curves. The 
more uniform current distribution within 
each bar and between bars of the paired- 
phase arrangements is evident. The 
small interpair effect is indicated by the 
slight difference in distribution between 
the two types of paired-phase arrange- 



Ftgure 6. Effect of arrangement and spacing 
upon line-to-Iine resistance voltage drop 

Copper temperature 75 degrees centigrade 



Figure 7. Effect of intrapair spacing/ s, upon 
line-to-Iine reactance voltage drop of type-3 
paired-phase arrangement 

ments. The noimniforni current distri¬ 
bution in both the laminated and the 
interlaced arrangements is caused by the 
greater reactance of the outside bars in 
these arrangements. 

The analysis of energy losses in Figure 
9 clarifies the performance of the paired- 
phase arrangement. The most impor¬ 
tant energy loss is the loss in that indi¬ 
vidual bar having the greatest energy 
loss, as this will determine the maximum 
'‘hot-spot” temperature rise, and in this 
respect paired phasing excels. Slightly 
lower average losses may be secured by 
using smaller interpair spacings, ap¬ 
proaching the interlaced arrangement, 
but the greater resulting unbalance makes 
the individual bar losses higher rather 
than lower. Paired-phase housing losses, 
as shown in the lower portion of Figure 9, 
are negligible, and relative pair position 
has no influence upon these losses. Lami¬ 
nated-arrangement housing losses in¬ 
crease with wide spacing to such an ex¬ 
tent that the average total loss increases 
even though individual bar loss decreases 
because of lessened proximity effect. 

Equal and Opposite Currents Explain 
Paired-Phase Performance 

Paired-phase performance may be un¬ 
derstood by examining the distribution of 
current within the bus bars and the con¬ 
sequent magnetic-field effects in more de¬ 
tail. The magnitude and phase angle of 
the current density are shown in Figure 
10, while the net currents in individual 
bars are shown in Figure 11. Only one 
paired-phase arrangement is shown, but 
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Fisure 8. Current density squared in typical 
arrangements 

A. Paired-phase type 3 

c/ = 6 inches «/s inch 

B. Laminated 

d — 2®/i8 inches «/ 8 inch 

w=6 6 / 8 inches 

C. Interlaced 

d = 2 l / t inches w=11>/ 4 inches 

D. Paired-phase type 1 

o/= 5‘A inches *=•/« inch 

w = 12 3 /s inches 

the current distribution is similar in all 
paired-phase arrangements. There is a 
marked contrast in this respect between 
paired-phase and conventional arrange¬ 
ments, It is notable that the phase 
angle of the current density in the paired- 
phase arrangements is more uniform 
within each bar, and the net bar currents 
are more symmetrically disposed than 
in the other types of conductor ar¬ 
rangements. 

The essence of paired-phase perform¬ 
ance is that the currents in each close¬ 
spaced pair of bars are essentially equal 
and opposite. That is, each of the three 
phase currents (a, b } and c) divides into 
two component bar currents (a* and a\ 
b and b", c' and c ,; ) which are nearly 
equal in magnitude and which differ in 
phase angle by nearly 60 degrees, so that 
the currents in each close-spaced pair of 
bars (such as a r and b", or b f and c\ or c' 
and a") differ in phase angle by nearly 180 
degrees. The currents in each close¬ 
spaced pair are thus essentially similar to 
the currents in an isolated single-phase 
transmission system, even though each 
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conductor of the pair is connected in 
parallel with another conductor in a dif¬ 
ferent pair. This similarity suggests that 
the paired-phase arrangement may be 
analyzed by considering each close¬ 
spaced pair as a single-phase circuit. 

The single-phase transmission system 
of two wide flat bars closely spaced face to 
face carrying equal and opposite currents 
has been analyzed both experimentally 
and mathematically. 9-12 It has been 
shown to be a very efficient conductor 
arrangement. The current density is 
very uniform, and consequently the a-c 
resistance is low. For instance, an iso¬ 
lated -one-fourth- by four-inch copper 
bar will have an a-c to d-c resistance 
ratio of approximately 1.16, but the re¬ 
sistance of a bar of the same size with a 
similar return conductor five-eighths-inch 
away, center to center, is less than 1.02. 
The reactance of such a close-spaced 
pair is also very small. This means not 
only low-reactance voltage drop but 
small external magnetic field. In other 
words, the magnetic fields of the two 
equal and opposite currents cancel or 
neutralize each other. This explains the 
small interpair proximity effect and the 
negligible effect of magnetic or metallic 
surroundings upon either reactance or 
energy losses in the paired-phase ar¬ 
rangement. 

The single-phase pair of closely spaced 
flat bars has many advantages over other 
low-loss single-phase arrangements such 
as concentric tubes. These advantages 
include the full exposure of both bars for 
heat dissipation, joining, support, insula¬ 
tion, and tap-offs. This single-phase ar¬ 
rangement has not been used generally 
in the past, but the recent advent of suit¬ 
able commercial designs has led to the 
adoption of this arrangement for the 
service of large single-phase loads, with 
very satisfactory results. 13 ' 14 

It is certainly unexpected and seems 
almost paradoxical that a most efficient 
method of transmitting large low-voltage 
polyphase currents should be one wherein 
the power is, in effect, transmitted single 
phase; but a comparison of paired phas¬ 
ing with conventional methods, consider¬ 
ing all electrical, thermal, and structural 
factors, indicates that this is indeed true. 

The beneficial results of the approxi¬ 
mately equal and opposite currents in 
each close-spaced pair are further em¬ 
phasized by the consideration of a con¬ 
dition where such a current division does 
not exist. The average ratio of a-c to 
d-c loss of the three-phase paired-phase 
arrangements (with larger interpair spac- 
ings) approximates 1.30 (see Figure 9), 
even though the current density within 
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Figure 9. Analysis of energy losses 


Loss in individual bar measured by exploring 
wires. Average total loss measured by watt¬ 
meter. Housing loss is difference between 
average total loss and average bar loss meas¬ 
ured by exploring wires (not shown) 

each bar is very uniform, because each 
bar carries nearly 1/ .3 rather than one 
half of the phase current. Losses are 
proportional to the square of the current: 
(1/ V3) 2 /(V2) 2 =1.33. Conventional 
theory would suggest, therefore, that 
better performance would be obtained if 
the current in each bar could be made 
one half of the phase current, or, in other 
words, if the phase angle between the two 
currents in each close-spaced pair could 
be made 120 degrees instead of nearly 180 
degrees, and the phase angle between the 
two currents of each phase, zero degrees 
instead of nearly 60 degrees. Such a con¬ 
dition may be produced by making a 
transposition at the mid-point of a bus¬ 
bar run, as shown in Figure 12, wherein 
each bar is paired with a different phase 
in each half of the run; for example, the 
a* bar is paired with a &-phase bar (&") 
in the first half of the run and with a c- 
phase bar ( c ") In the second half. The 
resultant performance is not, however, 
as might be expected: 

Temperature rise.increased 31 per cent 

Voltage drop.badly unbalanced and in¬ 

creased 217 per cent 

Average energy loss.increased 54 per cent 

Housing energy loss.becomes appreciable 

In short, such a condition is undesir¬ 
able, and all the desirable properties of 
the paired-phase arrangement are lost. 
This can be explained by the fact that 
there are no longer equal and opposite 
currents to cause a cancellation of mag¬ 
netic effects in each close-spaced pair, and 
consequently interpair influence become 
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Figure 10. Details of current density 

A. Paired-phase type 3 (same dimensions as 

Figure 8A) 

B. Laminated (same dimensions as Figure 8B) 
Each vector shows magnitude and phase angle 

of current density at origin of vector 

appreciable. This large interpair proxim¬ 
ity effect is shown by the distorted cur¬ 
rent-density measurements in Figure 13. 

Varying the phase angle between the 
currents in an isolated pair of nonenclosed 
bars further corroborates the effect of 
transposition. Test results shown in 
Figure 14 indicate that even under this 
simplified condition losses are least when 
the currents differ in phase angle by 180 
degrees. Losses when the currents dif¬ 
fer in phase angle by 120 degrees (which 
represents the condition with transposi¬ 
tion) are intermediate between the 
paired-phase condition and the zero-de¬ 
gree phase-angle condition, corresponding 
to the laminated arrangement. 

Calculation of Paired-Phase 
Bus Bars 

The electrical characteristics of the 
paired-phase arrangement, including volt¬ 
age drop and current distribution, are 
readily figured by electrical theory. A 
mathematical analysis of a simplified 
paired-phase arrangement is given in the 
appendix. These calculations indicate 
that the division of current between con¬ 
ductors in the paired-phase arrangement 
is not dependent upon any particular 
conductor shape but largely upon the 
grouping of the phases into pairs. Of 
course the conductor shape influences the 
distribution of current within each con¬ 
ductor. The mathematical analysis con¬ 
firms experimental results in determining 
that the currents in each close-spaced 
pair become more nearly similar to 
single-phase as the interpair distance is 
increased and in fact approach the single¬ 
phase condition as a limit as the distance 
becomes infinite. Tins suggests and tests 
confirm that entirely satisfactory paired- 
phase performance may be secured when 


Figure 11 (right). 
Bar currents and 
phase currents 

A. Paired-phase 
type 3 (same dimen¬ 
sions as Figures 8A 

and 10A) 

B. Laminated (same 
dimensions as Fig 
ures 8B and 10B) 

C. Interlaced (same 
dimensions as Fig¬ 
ure 8C) 

a', a", c',c" 

indicate bar currents 
a, b, c indicate 
phase currents 





a steel housing completely surrounds 
each pair of bars. 

The usual method of voltage-drop cal¬ 
culation based upon the assumption of 
equal and inphase currents in all bars 
connected to each phase will not give 
correct results when applied to paired- 
phase arrangements. Voltage drop can 
be calculated accurately, however, by 
application of formula 12 or 15 in the 
appendix. It has been found that for 
practical dimensions and purposes volt¬ 
age-drop characteristics may be figured 
on the assumption of exactly equal and 
opposite currents in each pair of bars. 
Both the equivalent single-phase method 
of formula 15 and the more exact formula 
12 give the correct resistance as well as 
reactance components of voltage drop. 
Sample calculations are given in the ap¬ 
pendix. 

Temperature-rise performance is not 
so readily calculated. Although the cur¬ 
rent and, hence, losses in each bar can 
be determined within a few per cent, heat 
transfer is so complicated by insulation, 
by proximity of other conductors, and by 
the enclosure, that tests using three- 
phase current are necessary for accurate 

o' c 1 
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information. Sufficient empirical data 
of course make possible the prediction of 
change in performance produced by 
minor variation in design. 

Commercial Design of 
Paired-Phase Bus Bars 

One practical commercial design em¬ 
bodying the paired-phase principle is 
shown in Figure 15. The flatwise ar¬ 
rangement was chosen because of the ad¬ 
vantageous structural features, among 
which is the simple overlapping type of 
joining bus bars, insulation, and housing. 
This arrangement provides complete 
access to all bus-bar surfaces for cleaning 
and inspection before joining and com¬ 
plete accessibility of all bolts for main¬ 
tenance By mounting the bus bars 
upon fiat compression-type porcelain 
insulators, which in turn are supported 
on the housing, maximum mechanical 
and short-circuit strength are obtained. 
Also the dielectric strength between 
closely adjacent bus bars is readily im¬ 
proved by the use of a single flat sheet of 
insulation to supplement the one-fourth- 
inch minimum air space. 

Tests indicate that this insulation 
sheet increases the temperature rise by 
less than two per cent. Other measure. 




(B) 


(C) 


rigure 12 (left). Transposition to change current division 

A. Arrangement in one half of bus-bar run 

B. Arrangement in other half of bus-bar run. Each bar in 
A and B insulated except at beginning and end of run, 

where two bars of each phase are connected together 

C. Resulting current division (compare with Figure 11 A) 

Figure 13. Nonuniform current density produced by trans¬ 
position 

(Compare with Figure 10A) 
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60 120 100 
PHASE-ANGLE BETWEEN 
BAR CURRENTS-DEGREES 


Figure 14. Effect of varying phase angle of 
currents in an isolated pair of bars 



Figure 15. “Lo-X 1 ' bus duct utilizing paired- 
phase principle 



100 Q0 60 40 20 

LOAD POWER FACTOR-PERCENT 


Figure 16. Line-to~line voltage drop of com¬ 
mercial paired-phase bus duct 

Unbalance of voltage drop is less than width 
of curves. Resistance taken at copper tem¬ 
perature of 75 degrees centigrade s~ 1 /^ inch, 
d~ bar width plus 2 inches 

ments indicate that with all sizes of bus 
bars, the hot-spot temperature rise when 
the entire assembly is mounted edgewise 
is the same as when it is mounted flat¬ 
wise; therefore, space limitations will 
determine the best position for any par¬ 
ticular application. The shallow flat 
shape of the housing proves convenient 
in installation where close clearances are 
encountered. 

Basic paired-phase principles as just 
outlined have been utilized in the de¬ 
sign of numerous special fittings, such as 
elbows and tees, transformer taps, load 
tap-offs, and switchboard connections. 
Experience has shown that careful at¬ 
tention must be paid to these details if 
satisfactory over-all performance is to 
be obtained. 

The temperature-rise and voltage- 



MAXIMUM TEMPERATURE RISE 
DEGREES CENTIGRADE 

Figure 17. Temperature rise of commercial 
paired-phase enclosed bus duct indoors in 
still air 


Figure 18. Simpli¬ 
fied paired-phase ar¬ 
rangement with geo¬ 
metrical symmetry 


I 

a 



it 


b 



E = voltage drop, volts per centimeter, 
line-to-neutral. (Note that voltage 
drops in body of this paper are all line 
to line) 

I —current 

a', b', c', a\ b", c" subscripts refer to con¬ 
ductor quantities, a, b, c subscripts refer 
to phase quantities. 

cc=2t times frequency in cycles per second 
All logarithms are to base e. 

Since 


Totally closed steel housing 


Bar Size 

* Y 

Vi by 2. 

. 41/2 by 14 

Vi by 3. 


l /i by 4. 


Vi by 5.... 


V< by 6. 


V 4 by 8. 



drop characteristics of a complete line 
of enclosed bus-bar system utilizing the 
paired-phase principle are given in Fig¬ 
ures 16 and 17. Values are all based on 
actual tests of complete assemblies, in¬ 
cluding insulation and housing. These 
curves indicate the excellent performance 
that can be obtained with the paired- 
phase arrangement. 

Appendix. Mathematical Analy¬ 
sis of Current-Distribution and 
Voltage Drop in Paired-Phase 
Bus Bars 

Consider Figure 18. The conductors are 
of arbitrary shape. The current density is 
assumed uniform over the cross section of 
each conductor. The length of the circuit is 
assumed to be large compared to the dis¬ 
tances between conductors. The interpair 
distance is assumed to be large compared 
to the intrapair distance, so that as an ap¬ 
proximation all distances between conduc¬ 
tors not in the same pair may be taken equal. 
The following symbols will be used: 

D d — geometric mean distance between any 
two conductors not in the same pair, 
centimeters 

D s = geometric mean distance between any 
two conductors in the same pair, centi¬ 
meters 

V r = geometric mean radius of any conduc¬ 
tor, centimeters 

r = d-c resistance of any conductor, ohms 
per centimeter 


7/+4" +4 ' +4" +I C '- +4" = 0 (X) 

the voltage drop in phase a may be written: 
(see reference 19, page 39, equation 55) 

E a '=E a =I a 'r+ 2X 10-y w (4' log (1/Z> r ) + 
A" log (1/74)+ ( 4 "+ 4 ' +4 ' + 4 ») X 
log (1/Di)] (2) 


£ a " = £„ =4'V+2X10-y<44"log (1 /D r ) + 
4 ' log (1/4,) +(4' +4 ' +4" +4") x 

log (1/74)1 (3) 


From symmetry 

4 = (-V 2 -iV3/2)4 

(4) 

4 c = (- 1 A+jVJ/2)4 a 

(5) 

4'=(- 1 A-iV3/2)4' 

(6) 

7 c '=(- l A+iV3/2)4' 

(7) 

7/ = (- Vs -jV%/2)la 

(8) 

4" = (- l A+iV3/2)7 a " 

(9) 

The solution of the above equations gives 

H-x* 


g(D d /D s ) 1 

7 a (10) 

r +10 -s _7u log (74 s / D r 2 D s ) J 



lO-^log (24/74) -I 

7 a (ID 

r+lO-Vcolog (Z4V74 2 74)J 

-E a /7 a = 10“ “wjT j log + 


(V5to«|)(^x 


10-»u log (74/D s ) V 

“ 

r+10- 9 > log (74VIV74)/. 



ohms per centimeter (12) 


An interesting result is obtained by allowing 
Da to become indefinitely large: 

Lim D(i _► „l a ‘ = (l/%/3)(e- ,30 °)7 a (13) 

Lim w _„4”' = (l/V3)(6-^ 0 °)4 (14) 
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LiniD^ . EJI a =(4/3) (1/2) [r+2 X 
10"' 8 j« log (D s /D t )] 

ohms per centimeter (15) 

Equations 13, 14, 15, and similar equations 
for the other phases represent a condition of 
equal and opposite or single-phase current 
in each close-spaced pair of bars. The term 
[r+2X 10~ 9 jco log (D s /D r )] in equation 15 
is the impedance of one bar of a close-spaced- 
pair when carrying single-phase current. 

Numerical substitution of practical values 
in equations 10, 11, and 12 shows that large 
variations in D d have little effect upon I a ', 
I a ", and E a /I a . Therefore, it seems reason¬ 
able that these equations may be used even 
when geometrical symmetry, as assumed in 
deriving these equations, does not exist. 

Numerical Example 

Consider a type-3 paired-phase arrange¬ 
ment: 

Bar size l / 4 by 4 inches 
r = 9.90X10~® ohms per foot—324X10“ 9 
ohms per centimeter 
s = 5 /« inch 
d = 6 inches 

From the formula and curves of reference 
17 

D r = 0.2235 (4+0.25) =0.950 inch-2.41 cen¬ 
timeters 

D s = 1.372 inches = 3.49 centimeters 

GMD of two bars in adjacent pairs (6 inches 
center to center) = 5.75 inches 
GMD of two bars in outside pairs (12 inches 
center to center) =11.88 inches 

No readily usable values for GMD of the 
diagonally located bars are available; 
therefore, consider diagonal GMDs the same 
as above. As a working approximation the 
average may be taken as 

D d = V / (5.75)»(11.88) 4 = 7.33 inches 
= 18.62 centimeters 

From equation 10 

=0.525e^ 80 °7 a 

From equation 11 

/ o " = 0.59l€-' 24 - , °i a 

From equation 12 

E a /I a = (6.17+j5.71)lQ~* ohms per foot 
(line to neutral) 


From equation 15 

■E a /J a = (6.58+7*5.65) 10~ 6 ohms per foot 
(line to neutral) 

By measurement (average of three phases) 

J a ' = 0.544€ ; 27# 3 °I a 
I a — 0.574€~- /26 * 8 °7 a 

Ea/Ia** (6.35+7*5.61) 10“° ohms per foot 
(line to neutral) 

The differences between measured and 
calculated values are in the directions that 
would be expected in view of the various 
assumptions made. The phenomena of Fig¬ 
ure 14, neglected in the calculations, makes 
the phase angle between I a ' and I a " more 
nearly 60 degrees than calculated from equa¬ 
tions 10 and 11. The resistance calculated 
from equation 12 is lower than measured, 
because slight nonuniform current density 
in individual bars is neglected. That calcu¬ 
lated from equation 15 is higher, because the 
magnitude of the bar currents is less than 
the 0.577 I a assumed by this method. A 
small correction could be made for nonuni¬ 
form current density by applying published 
formulas for skin effect in a single-phase pair 
of flat bars. 11 Reactances agree within ex¬ 
perimental error. 

Calculation of impedance by the conven¬ 
tional assumption that I a r — I a ' r f vectorially 
(see reference 17, equations 15 to 20) gives 

Ea/Ia ** (4.95+7*8.27) 10“° ohms per foot 
(line to neutral) 

Ejf/Ift = E c /I c = (4.95+7*16.55) 10” 6 ohms per 
foot (line to neutral) 

Average = (4.95+7*13.80)10“° ohms per foot 
(line to neutral) 

Measured with/ a ' = / a " (produced by use of 
a transposition, Figure 12): 

Average = (9.87+7*19.02)10“° ohms per foot 
(line to neutral) 

The conventional method of calculation, 
therefore, does not give correct results for 
ordinary paired-phase arrangements, be¬ 
cause current distribution is not as assumed. 
On the other hand, when bar currents are as 
assumed, the current density within each bar 
is not uniform, and, in addition, the steel 
housing causes extra losses and higher re¬ 
actance. 
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An Electromechanical Calculator for 
Directional-Antenna Patterns 
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Synopsis: An electromechanical calculator 
has been designed for the rapid solution of 
directional-antenna patterns. After the de¬ 
sired antenna parameters have been set up, 
the machine automatically draws the field- 
intensity curve to any desired scale on a 
sheet of polar co-ordinate paper and indi¬ 
cates the rms value for drawing a circle of 
the equivalent nondirectional pattern. 

The fundamental design of the calculator 
does not limit the number of antennas that 
can be used in the directional array. As the 
number of antennas is increased, the greater 
the degree of control is possible to mould the 
radiation pattern into the desired shape. 

Not only is the horizontal directional 
field-intensity pattern, such as used in 
broadcast practice, readily available, but 
the field-intensity contours at any elevation 
angle can be drawn with equal ease. The 
vertical radiation characteristics of the 
several antennas can be selected at will. 
This makes it possible to explore the solid 
contour surface of the whole hemisphere in 
a relatively short time and also determine 
the total power radiated from the direc¬ 
tional-antenna system. The machine is 
also suitable for calculating the solid con¬ 
tour surface of the radiation pattern from 
a parallel horizontal antenna array. 


T O anyone who has had the task of 
designing a directional-antenna array, 
the need of some short cut to reduce the 
tedium of laborious calculations has been 
very apparent. To meet this need a num¬ 
ber of schemes has been brought forth, 
ranging from early graphical methods to 
actual measurements on models, from 
purely mechanical to purely electrical 
devices. These devices have varying de¬ 
grees of usefulness, and all meet to a large 
degree the requirements of lessening the 
time required to explore the number of 
varying parameters necessary to meet 
some special case. 

Extended tables systematizing patterns 
of two tower array s have been pub- 

Paper 43-14, recommended by the AIEE committee 
on communication for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted June 
4, 1942; made available for printing November 24 
1942 

Carl E. Smith is chief engineer, radio stations 
WHK and WCLE, United Broadcasting Company, 
and president, Smith Practical Radio Institute, in 
Cleveland, Ohio. Edward L. Gove, North Holly¬ 
wood, Calii., was formerly technical supervisor, 
United Broadcasting Company, Cleveland, Ohio. 
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ing engineers on the WHK-WCLE staff who have 
contributed in making the electromechanical cal¬ 
culator a success. 
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lished. 1 ~ 4 These diagrams are very helpful 
to show trends, even though the designer 
may in the final analysis have to calculate 
very precisely the pattern after deciding 
upon a suitable range of spacings and phas¬ 
ings. The authors felt that a system¬ 
atization of three tower arrays would be of 
very real value to the industry. Therefore, 
in taking up the problem of developing an 
antenna-pattern calculator, they had in 
mind not only its immediate use as at first 
outlined, but also the ultimate accurate 
and quick development of a great number 
of patterns. After considering carefully 
the merits of various methods, it was de¬ 
cided that an electromechanical device 
could be made to combine the accuracy 
and simplicity of the mechanical method 
with the speed and flexibility of the elec¬ 
trical method. 

The usual problem in broadcast prac¬ 
tice is to mould the radiation pattern into 
the desired shape to cover the service 
areas and give the required protection to 
other radio stations. As a matter of 
economics, it is desirable to do the job 
with the minimum number of antennas. 
With severe requirements, the number of 
antennas must be increased until the radi¬ 
ation pattern can be moulded into the 
desired shape. This electromechanical 
calculator was designed primarily to 
handle this type of problem. It is not 
necessary to assume images on the basis 
of a perfect earth. The only requirement 
is that the vertical radiation characteris¬ 
tic of the several antennas be known when 
it is desired to determine the solid contour 
surface over the whole hemisphere. 

It is also possible to solve for the solid 
contour surface of horizontal radiators 
located above the surface of the earth. 
In this case, the horizontal radiation 
characteristic of the individual antennas 
in free space must be known. The images 
in this case must be set up on the machine 
just as the actual antennas are set up. 

If the horizontal antennas are perpen¬ 
dicular to and bisected by a vertical 
plane, then the contours are run at con¬ 
stant angles to this perpendicular plane, 
just as the various elevation contours are 
run in the case of vertical antennas. In 
other words, the contours are run as if 
the antennas were vertical, and then the 
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contour surface is rotated 90 degrees to 
locate properly the antennas above the 
surface of the earth. Only that part of 
the contour surface is useful that appears 
above the surface of the earth. For such 
an array the contour surface will be sym¬ 
metrical to the vertical plane passing 
through the center of the antennas. 

A more general case is to have hori¬ 
zontal parallel antennas without requiring 
their centers to bisect a vertical plane. 
In this case those horizontal antennas 
and their images, that are not bisected 
by a vertical plane, must have their 
phase adjusted by for each contour to 
correct for the space phase difference. 
These adjustments of phase are made on 
the assumption that the observation 
point is located at infinity, which is the 
same assumption that is ordinarily used 
for the antenna spacing. For this more 
general case the pattern will be unsym- 
metrical about any vertical plane, and 
the contour surface will have to be run 
for both ends of the array. 

Design Consideration 

In consideration of the problem of sys¬ 
tematizing directional-antenna patterns, 
it is desirable to have considerable flexi¬ 
bility, accuracy, and speed in the ma¬ 
chine. Since the time involved to do this 
job by hand is prohibitive, one can af¬ 
ford to spend considerable time and effort 
in perfecting a machine to the point that 
it will give, with sufficient accuracy, this 
valuable engineering information. The 
design and development of such a ma¬ 
chine, incidentally, involves the solution 
of a number of rather interesting problems. 

The purely mechanical calculator 6 ' 6 has 
simplicity and accuracy depending upon 
the preciseness with which the individual 
mechanical parts are made. However, 
in its usual forms, it lacks considerable 
flexibility and speed for calculating all 
the desired factors involved in a direc¬ 
tional pattern. The usual design of these 
calculators will give the horizontal pattern 
for three antennas, and, if the antennas 
are identical, the vertical patterns can be 
determined without much difficulty. Its 
operation depends upon one vector being 
fixed and used as the reference with the 
vectors of the other two antennas revolv¬ 
ing about its ends in the proper fashion. 
The handling of more than three antennas 
becomes mechanically involved, because 
the additional vectors must revolve about 
the ends of the free-ended vectors. 
Recording the patterns accurately and 
automatically with such a device is ex¬ 
ceedingly difficult, because the distance 
between the free-ended vectors must be 
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measured and recorded accurately at all 
points. If readings are taken at periodic 
intervals, these values must again be 
used in a separate operation to determine 
the rms value of the pattern. This is a 
very important quantity if the pattern is 
to be used for a definite power into the 
system. Even then there is the question 
of the power used in the high angle radia¬ 
tion. It usually takes longer to determine 
the rms value than it does to determine 
the pattern itself. A more satisfactory 
method is to use an equation involving 
Bessel functions to determine the rms 
value. 7 Appendix I gives the general 
form of this equation with an illustrative 
example. 

The purely electrical form of calculator 
may place the directional-antenna pattern 
on an oscilloscope screen. This scheme is 
rapid, being visual, can be altered instan¬ 
taneously by changing the various an¬ 
tenna parameters at will, and is not lim¬ 
ited to the number of antennas in the 
system. The rms value can be read from 
a meter directly. The limitation of this 
scheme is primarily lack of accuracy, de¬ 
pending of course upon the electrical de¬ 
sign. 

The authors have put into operation 
at the transmitting plant of WHK- 
WCLE an electromechanical directional- 
antenna pattern calculator which will 
automatically draw the horizontal pat¬ 
tern of a four-element array with the 
possibility of adding as many more ele¬ 
ments as desired. This machine will also 
automatically draw the field-intensity 
contours at various elevation angles. 
These data readily yield the vertical 
pattern in any direction from the an¬ 
tenna system. In addition to this, the 
machine measures the rms value of the 
pattern as it is drawn. Hence, the volume 
of the solid radiation pattern is readily 
determined by a simple computation. 
From this information the actual power 
radiated from the antenna system can 
easily be computed. 


The electromechanical calculator ac¬ 
complishes its purpose by starting with a 
simple mechanical system, converting to 
an electrical system for flexibility, and 
finally converting back to a mechanical 
system to draw the curve. The mechani¬ 
cal portion of the calculator consists of a 
turntable to hold the polar co-ordinate 
chart paper. This turntable is driven by 
a variable-speed motor which in turn 
drives the several mechanical cosine gen¬ 
erators. These generators in effect rotate 
the second, third, and fourth antennas 
around the first or reference antenna. 
The mechanical cosine generators are 
rack-geared to phase-shifting transform¬ 
ers. At this point the mechanical vector 
is converted into an equivalent electrical 
vector. All of the electrical vectors can 
then be added in series and the resultant 
represents the field intensity in the given 
direction in space as indicated by the 
orientation of the turntable carrying the 
polar co-ordinate chart paper and the 
elevation angle. An automatic volta- 
graph converts this electrical magnitude 
into an equivalent mechanical magnitude 
to drive the radial inking pen and plani- 
meter. The inking pen draws the pat¬ 
tern while the planimeter measures the 
rms of the pattern. Usually, after the di¬ 
rectional pattern is finished, the rms 
circle is drawn oil the polar co-ordinate 
chart as additional valuable information. 

Generalized Equation 

The electromechanical calculator in 
reality is an equation solver. In this case 
the equation is of a particular variety, 
and the machine must be adapted to 
handle the various parameters in the 
equation. The method of operation of 
the machine can best be explained after 
considering the general nature of the 
equation to be solved. 

For a directional antenna array of n an¬ 
tennas, the generalized equation is 

(l) 

ft = 1 

where 

£T=the total effective field-intensity vec¬ 
tor for the antenna array with respect 
to the voltage reference axis 
& = the kth antenna in the system 
n — the total number of antennas in the 
complete directional-antenna array 
Eh — the horizontal magnitude of the field 
intensity produced by the kth an¬ 
tenna 

fkW = vertical radiation characteristic of the 
kth antenna (unity along the horizon) 

9 — elevation angle of the observation 
point P measured up from the horizon 
in degrees 


Figure 2. Symbolic 
representation of the 
electromechanical 
antenna-pattern cal¬ 
culator 

A — Motor - driven 
turntable carrying 
polar co-ordinate 
chart paper. The 
orientation of the 
observer is repre¬ 
sented by 4> 

B —M echanically 
driven cosine wave 
generators with ad¬ 
justments for antenna 
orientations <£/., spac¬ 
ing Sk and eleva¬ 
tion angle 6 
S k cos ( <f> 7c -<P .) cos 6 

C —Mech a n i ca I ly 
driven phase-shifting 
transformers with ad¬ 
justments for antenna 
current phase 'I'* 

/5ft = 5* cos — 
cos 6 'Iq- 

D—Electrical magni¬ 
tude adjustment of 
horizontal field in¬ 
tensity E/ C -Eft€ //3A ' 

E—Electrical mag¬ 

nitude to give ver¬ 
tical radiation char¬ 
acteristic 
EtfffleVt 

F —Summation of 
electrical vectors and 
nitude control of 



total electrical mag- 
field intensity E 


G—Voltagraph converts electric Field intensity 
E to an equivalent mechanical magnitude. It is 
provided with zero and sensitivity adjustments 

The output of the voltagraph drives the inking 
pen to draw the resulting pattern on the polar 
co-ordinate chart paper. Also, a planimeter 
is driven to measure the area of the pattern 


unity vector determining the direc¬ 
tion of the voltage vector of the k\h 
antenna 

e = 2.718 . . . the base of natural loga¬ 
rithms 

j = V~l imaginary j operator 
/5ft — S k cos (tcos 0+S[' fc (2) 

= phase relation of the voltage (or cur¬ 
rent) in the kth antenna with respect 
to the voltage reference axis 
S] C = electrical length of the spacing of the 
kth antenna from the space reference 
point 

</>* = true horizontal azimuth, orientation 
of the kth antenna, with respect to 
the space reference axis 
(/> = true horizontal azimuth angle of the 
direction to the observation point P 
(measured clockwise from true north) 
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VOLTAGE REFERENCE AXIS 


Figure 5. Vector repre¬ 
sentation of the field in¬ 
tensity of the kth antenna 


< &f C = electrical phase angle of the voltage 
(or current) in the kth antenna with 
respect to the voltage reference axis 

For a vertical antenna having a sinu¬ 
soidal current distribution with a cur¬ 
rent node at the top, the vertical radia¬ 
tion characteristic takes on the form 

cos ( h sin 6) — cos h 

= — ---— (3) 

(1 — cos h) cos 6 

where 

h = electrical height of the antenna in 
degrees. 

The other terms are as defined above. 
The curves in Figure 1 represent the 
solution of equation 3 over the most useful 
range of antenna heights. 


from the space reference point is an am¬ 
plitude adjustment, measured in electri¬ 
cal degrees on the spacing arm, of the co¬ 
sine wave generator. These two adjust¬ 
ments locate the kth antenna as illus¬ 
trated in Figure 3. The adjustments 
thus far give the function S k cos (<£, c — <t>) 
for the horizontal pattern. 

The cosine wave generator drives a 
phase-shifting transformer through a 
rack and gear. This mechanism is so pro¬ 
portioned that if the observer moves 
around the antenna, by rotating the turn¬ 
table, the phase of the current in the Mh 
antenna will shift the same number of 
electrical degrees that the number of 
electrical degrees from the observer to 


Along the horizon cos 0=1, and the func¬ 
tion described in the above paragraph 
gives the correct answer. At some ele¬ 
vation angle cos 6 becomes less than unity; 
hence this factor can be multiplied by the 
spacing S k and an equivalent new closer 
spacing set up. This is the effect of view¬ 
ing the antenna s} r stem at some elevation 
angle. The difference in the distance 
from the observer to the antennas be¬ 
comes less; hence, the same result is ac¬ 
complished by staying along the horizon 
and placing the antennas closer together. 
Directly over the antenna system all an¬ 
tennas are the same distance; hence, the 
product S k cos 6 niust go to zero. The 
function for any direction is 3 k cos ($ /; — 
0) cos 0+SlT. 

The direction of the observation point 
P in terms of the true orientation <£ and 
elevation angle 6 is illustrated in Figure 4. 
The magnitude of the total effective 
field intensity E is represented along the 
direction of the line from the space ref¬ 
erence point toward the observation 
point P for convenience in drawing the 
polar charts. The held intensities at a 
given elevation angle can be duplicated 
with an equivalent horizontal pattern, 


Machine Solution of 
Generalized Equation 

The electromechanical antenna-pattern 
calculator solves the generalized equation 
as shown symbolically in Figure 2. The 
position of the observer, the placement 
of the antennas, and the phase of an¬ 
tenna currents determine the direction of 
the various antenna vector voltages. 
These adjustments are all mechanical. 
The magnitude of these vectors are con¬ 
trolled electrically and are added for the 
total effective held intensity. This held 
intensity is then converted into an equiva¬ 
lent mechanical magnitude to drive the 
inking pen and planimeter. 

The direction of the inking pen from 
the zero-degree reference orientation of 
the turntable represents the orientation cj> 
of the observer from the antenna system. 
The turntable which is driven by a vari¬ 
able-speed motor is geared through 
clutches to all the cosine wave generators. 
The orientation of the kth. antenna, for 
example, from true north is accomplished 
on the calculator by locking the turn¬ 
table so that the inking pen is true north. 
The kth antenna cosine-wave-generator 
clutch is then released and turned to give 
the desired orientation <j) k in degrees as 
indicated on the orientation dial. The 
clutch is then locked into position. The 
spacing S k of the kth antenna measured 



the antenna changes. The phase of this 
current is zero in the kth antenna when 
the voltage vector lies along the voltage 
reference axis. For this condition the 
distance from the observer to the space 
reference point is equal to the distance 
from the observer to the kth antenna. 
The phase is adjusted by a clutch ar¬ 
rangement on the shaft of the phase- 
shifting transformer. Any electrical phas¬ 
ing measured in degrees can be set me¬ 
chanically on the phase dial associated with 
this clutch. With this adjustment added, 
the function becomes S k cos (<fe—<£)+ x lT 
for the horizontal pattern. 

All of the mechanically adjusted pa¬ 
rameters are represented in equation 2. 


10 VOLT Figure 6 (left). Elec- 

trie c l rcu >l ^ 0r magni¬ 
tude control and 

PHASE SHIFTING addition of antenna 
TRANSFORMER voltages 

E k COARSE-FINE 
MAGNITUDE 
ADJUSTMENT 

f K (<9) SELECTOR 
SWITCH SHOWING A 
TYPICAL POTENTI¬ 
OMETER IN CIRCUIT 
K*a’i 1 a'IAND £ 

ANTENNA VOLTAGE REFERENCE AXIS 

ON-OFF SWITCH Figure 7. Summa- 

voltagraph OUTPUT tion of four antenna 

field-intensity volt- 
VOLTMETER OUTPUT agc vectors 

using closer antenna spacing and modi¬ 
fied field intensities. 

The field intensity of the &th antenna 
as given in equation 1 is vectorially rep¬ 
resented in Figure 5. The phase angle (3 k 

is controlled ■ by the mechanical adjust¬ 
ments which in turn controls the phase 
of the output voltage of the phase-shift¬ 
ing transformer. The magnitude of the 
output voltage E k is controlled by a po¬ 
tentiometer. See Figure 6. For field- 
intensity magnitudes at elevation angles, 
this value must be controlled in accord¬ 
ance with the vertical radiation charac¬ 
teristic f k (6) of the antenna. For con¬ 
venience in running contours at the vari¬ 
ous elevation angles, vertical-radiation- 
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characteristic potentiometers are used 
for antennas having heights in multiples 
of an eight-wave length plus one position 
which is adjustable to any other desired 
vertical pattern. These vertical-pattern 
potentiometers speed up the work and 
lessen the chance of making errors. The 
electric circuit involving these parame¬ 
ters is illustrated in Figure 6 . 

The total effective field-intensity vec¬ 
tor E is the summation of all the vector 
voltages from the various antennas. In 
this calculator these voltages are added 
in series. The resulting summation of 
the vector voltages for a four-element di¬ 
rectional-antenna system is illustrated 
in Figure 7. Only the angles of these 


vectors vary as the orientation from the 
antenna system changes. Both the angle 
and magnitude changes as the elevation 
angle 9 is varied. 

The magnitude E of the total effective 
field-intensity vector E is now converted 
into an equivalent mechanical magnitude 
in order that the radial drawing pen can 
be driven in such a way as to produce 
the field-intensity pattern on the polar co¬ 
ordinate chart paper, xA rapid self-bal¬ 
ancing precision potentiometer circuit 
was developed to accomplish this result. 
Adjustments are provided to make zero 
voltage correspond to the center of the 
polar co-ordinate chart paper, A sensi¬ 
tivity adjustment makes it possible to 
select any reasonable scale for a given 
output voltage magnitude E. Usually 
in systematizing patterns, the magnitude 
of the maximum lobe of the pattern is ad¬ 
justed to' fall on a given circle. This 
usually requires an adjustment of the 
sensitivity for each pattern. 


Enough power is supplied from the bal¬ 
ancing mechanism to drive, in addition 
to the pen, a planimeter which rolls and 
slides on the chart paper and measures 
the area of the chart. By means of a 
table the operator can immediately de¬ 
termine the rms value of the pattern and 
draw this circle on the chart with the 
drawing pen controlled by a single an¬ 
tenna which is nondirectional. 

Speed 

The machine is driven by a variable- 
speed motor. For simple patterns the 
speed can be increased somewhat and 
the machine still maintain the required 


accuracy. For ordinary systematization 
work it takes from three to five minutes 
to complete a pattern. This involves 
setting the parameters and drawing the 
pattern and the rms circle. The solid con¬ 
tour surface can be investigated and re¬ 
corded on the chart paper in less than an 
hour. This usually involves a total of 
nine contours placed three to a chart. 

Accuracy 

The machine is operated from a 220- 
volt three-phase 60-cycle source at the 
present time. Line-voltage fluctuations 
are the greatest source of error. The 
machine depends upon these voltages re¬ 
maining constant while the pattern is 
being run. Originally it was planned to 
provide an independent source of power 
free from fluctuations, but this had to be 
abandoned for the duration of the war, 

A number of different makes of phase- 
shifting transformers was tested, and the 


best, which are being used in the present 
machine, showed a maximum error of 
three per cent. This appeared to be sat¬ 
isfactory for the systematization work. 
If desired on special jobs, checks can al¬ 
ways be made, with a vacuum-tube volt¬ 
meter, of all the voltages in the system, to 
increase the magnitude accuracy to that 
of the voltmeter. The error in phase 
angle checks within one degree. 

In the systematization work, the an¬ 
tenna orientations <p k are advanced ap¬ 
proximately one degree to compensate 
for the lag in the drawing pen. This lag 
is a function of the speed of the turntable; 
hence, by slowing the turntable down it 
can be practically eliminated. 

The precision potentiometer can be ad¬ 
justed so that the mechanical magnitude 
tracks with the electrical magnitude and 
the balance point is always within one 
per cent of the full-scale value. 

The polar planimeter used to measure 
the area of the charts varies somewhat 
in its readings but usually can be relied 
upon to within one per cent. 

Chart Paper 

Two varieties of special chart paper 
have been prepared. One is a simple teu- 
inch circle with crosslines printed on a 12 - 
by- 12 -incli sheet and is used primarily 
for the systematization work. Three 
such charts with patterns were tacked to 
cover lid of the calculator illustrated in 
Figure 10 . The patterns are all for three 
tower antennas. The numbers at the 
bottom completely specify parameters. 

The finely engraved chart paper was 
also prepared on 12 -by- 12 -inch sheets but 
can be trimmed down to 11 by 12 inches 
to fold into a standard notebook of 8 V 2 
by 11 inches. The engravings on this 
chart consist of a complete circle ten 
inches in diameter, divided with radials 
to single degrees and numbered every ten 
degrees clockwise from the top. The or¬ 
dinates are divided into ten parts to the 
inch with heavy markings every half 
inch. Figure 8 illustrates this chart paper 
with the horizontal and eight elevation 
angle contours crowded on one sheet. 
The legend “Directional-Antenna Pa¬ 
rameters” in the upper right-hand corner 
specifies all the conditions imposed upon 
the system. The legend in the lower 
riglit-hand corner specified the firm name, 
date, manufacturer and pattern number. 
This chart paper is now available to the 
public 8 with or without the blocks in the 
corners in a light or heavy weight of 
paper. The chart paper is printed with a 
brown ink for ease in making photostats 
or blueprints 



Figure 8. Three-tower soiid-contour surface, 
plotted by the machine, on one sheet 
of the finely engraved polar co¬ 
ordinate chart paper 

Directional - antenna 
parameters 

02 = 276 degrees 
5a ==176 degrees 
Iq = 296 degrees 
£2 = 115 

£1 —168 

03 = 0 degrees 
5a = 100 degrees 
^3 = 218 degrees 
£3 = 115 

£rniH = 1 90 

04 = — 

5< = - 

S'4= — 

£3=- 

£mnx = 378 
hi = h-2 = hz — - 


Towsf? | 
Placement 

NoZ " •©- 

MW 
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Figure 10. Electromechanical antenna-pattern calculator 
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Figure 9 (left). Vertical pat¬ 
terns plotted from the eleva¬ 
tion contours of Figure 8 


Vertical Patterns 


Vertical-plane radiation patterns as 
shown in Figure 9 are readily obtained 
from the elevation contours in Figure 8. 
The vertical patterns are important when 
considering sky-wave interference prob¬ 
lems between radio stations. 

Illustrations 


be drawn quickly to investigate thor¬ 
oughly the regions of interest. The sys¬ 
tematization of patterns will aid materi¬ 
ally in finding these regions of interest. 

With care of operation, the results are 
believed more accurate than can be ex¬ 
pected from most directional-antenna in¬ 
stallations. The acceptance of such a 
machine by the profession will remove a 
considerable amount of the routine 
work. A few of these machines would 
perhaps be adequate to supply all the 
needed patterns; hence, they could be 
used to offer a directional-antenna pat¬ 
tern service. 


Appendix I 

The general form of the equation for de- 
lermining the root-mean-square value for 
the directional-antenna pattern involves the 
product of the field intensity of each antenna 
multiplied by the field intensity of every 
antenna in the system. In mathematical 
form this can be written 


V P — n (j — n 

zL/ 2 E p . 

V~l Q — l 


E\ 
where 


Eq cos 

(4) 


Fnns— root-mean-square effective field in¬ 
tensity 

Figure 11. A close-up view of Figure 10 
showing the turntable and one cosine wave 
generator 


The complete machine is shown in 
Figure 10. The magnitude controls are 
on the left-hand panel, followed by the 
turntable and cosine wave generator 
panels. A supply of chart paper is held 
in a pocket under the table, convenient to 
the operator. The master-control power 
switch is on the left-hand front leg. The 
voltagraph-control amplifiers and power 
transformers are located on the shelf under 
the table. The whole unit is on wheels 
and is provided with a dust cover lid. 

Figure 11 is a close-up view showing 
details of the turntable and one cosine 
wave generator. 

Conclusions 

After three months of continuous op¬ 
eration, the machine has proved to be a 
speedy means of securing directional- 
antenna patterns. Tlie systematization 
work which is progressing steadily will be 
available at a later date. 

The machine is extremely valuable 
when one is searching for a directional- 
antenna pattern to meet certain spe¬ 
cific requirements. Many patterns can 
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Mobile Capacitor Units for Emergency 
Loading of Transformers in Op en Delta 

HERMAN B. WOLF G. G. MATTISON 
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P~ the pt h antenna in the system 
2 = the gth antenna in the system 
n = the total number of antennas in the 
complete directional antenna array 

E p = horizontal magnitude of the field 
intensity produced by the pth 
antenna 

= horizontal magnitude of the field 
f intensity produced by the qth 
antenna 

^v ~ electrical phase angle of the voltage 
(or current) in the pth antenna 
with respect to the voltage refer¬ 
ence axis 

^q = electrical phase angle of the voltage 
(or current) in the gth antenna 
with respect to the voltage refer¬ 
ence axis 

J*(Spq) = Bessel function of the first kind 
and zero order of the spacing Sj, g , 
in radians, between the pth and 
gth antennas 

. In this equation when p-q, the terms are 
simply the square of the antenna field in¬ 
tensity, because the cosine and Bessel func¬ 
tion terms each reduce to unity. For ex¬ 
ample in a three-tower array the application 
of equation 4 results in 


V P = 3 0 = 3 

E E -EA cos (¥, -* s )MS P „) 
v = l 0 = 1 

V es+eJ+ej 

+2 E x Ei cos + - <bi)J a (Sn) 

+2£i£» cos (5) 

+2EiE a cos + —^ a )y 0 (.S M ) 

If the parameters for the three-tower di¬ 
rectional-antenna array illustrated in Fig¬ 
ure 8 are substituted in equation 5 the hori¬ 
zontal rms field intensity becomes 

V 168 2 +115 2 +115 2 

+2(168) (115) cos (0-296) X 

Jo (3.07) 

+2(168) (115) cos (0-218) X 

Jo(1.745) 

+2(115)(115) cos (218-296) X 

Jo(3.37) 

168 2 +115 2 +115 2 ' 

+2 (168) (115) (0.4384) (-0.2829) 
+2(168) (115) (—0.7880) (0.3719) 
+2(115)(115)(0.2079)(-0.3587) 

= 191 

This shows an error of approximately one 
half of one per cent in the value 190 meas¬ 
ured by the planimeter on the machine. 
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Synopsis: Loading of closed delta banks of 
substation transformers to a point approach¬ 
ing safe thermal limit results in severe over¬ 
loading of two transformers as well as de¬ 
cided unbalance in voltage and current when 
operated in open delta as a result of the 
failure of one transformer. By the use of 
mobile capacitor units with capacitors ar¬ 
ranged in two unequal groups, the load on 
two transformers in open delta is reduced, 
regulation improved, voltage and current 
are balanced within operating limits, and 
with the aid of fans, the top oil tempera¬ 
tures and consequently, the copper tem¬ 
peratures—are kept within safe limits. This 
permits proper loading of transformers in 
closed delta, a relatively short interruption 
to service or reduction in load upon failure 
of one transformer in a bank, and a reduc¬ 
tion in number of transformers required for 
emergency use. 

T O maintain satisfactory service on a 
power system, mobile equipment such 
as railway-car-mounted substations 1 and 
highway trailer portable transformers 
have been found very effective. These 
portable transformers were designed to be 
used in case of the failure of more than one 
transformer in a bank. To maintain 
service in event of failure of a single trans¬ 
former in a delta-delta bank, transformers 
of sufficient capacity were used to permit 
open delta operation without materially 
damaging the insulation from overheating 
during the repair of the damaged unit. 
This method should no longer be used, for 
it is now imperative that substation 
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transformers be loaded to a point ap¬ 
proaching the safe thermal limit. With 
transformers so fully loaded, the failure of 
one transformer in a bank will necessitate 
an interruption to service, or reduction in 
load for sufficient time to permit moving 
and installing additional transformer 
capacity, since operation in open delta 
would load the two transformers to 173 
per cent of the closed delta loading. 
Operating at this overload would result 
in severe overheating of the two trans¬ 
formers and a very pronounced unbalance 
in voltage and current. Figure 1 shows 
calculated regulation of a typical bank of 
transformers in open delta with the 
two transformers operating at 173 per 
cent of rating. In addition to time 
and effort required to move and install 
emergency transformer capacity, this 
method requires a considerable stock of 
transformers of assorted sizes, voltages, 
and impedances on a system having a 
number of primary voltages. For ex¬ 
ample, the primary voltage of substation 
transformers on the system with which 
the authors are associated includes: 100 
kv, 44 kv, 33 kv, 22 lev, 13.2 kv, 6.G lev, 
and 2,400 volts. 

An alternate method consists of open 
delta operation with the use of mobile 
capacitors and fans. As the power factor 
of load on substation transformers of the 
system on which these capacitors are used 
is ordinarily between 70 per cent and 80 
per cent, the regulation of transformers 
operating at approximately 173 per cent 
of normal load in open delta is large and 
badly unbalanced. This excessive regu¬ 
lation and unbalance is corrected by con¬ 
necting capacitors across the phase lag¬ 
ging the open delta and across the open 
delta. Figure 2A shows the calculated 
regulation of a bank of two 750-kva, 35- 
degree, 44,000-2,400-volt transformers 
both with and without capacitors and 
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with a maximum load of 3,125 kva, tlie 
power factor being 74 per cent. Figure 
2B shows transformer currents in each 
case. Capacitance of 1,080 kva was used 
across the phase lagging the open delta 
and 540 kva across the open delta. In 
making these calculations it was assumed 
for all loads that the load currents were 
equal in each phase and 120 degrees 
apart. The voltages on the source side 
of the transformers were assumed to be 
equal for each phase and 120 degrees 
apart. The power factor of 74 per cent 
was taken with respect to the balanced 
primary voltages. The per cent voltages 
shown on Figure 2A are the calculated 
values on the load side of the transformer 
bank. The curves of voltage are there¬ 
fore somewhat distorted from what they 
would be in an actual application, because 
the primary and secondary voltages both 
would be somewhat unbalanced. In this 
application, however, when using capaci¬ 
tors, the voltage on both the primary 
and secondary windings of the trans¬ 
former bank will be balanced at a load of 
2,500 kva. This is shown for the load 
voltages on the curves of Figure 2A. 

The loading of transformers in open 
delta with capacitance properly applied 
may be illustrated by the following ex¬ 
ample : 

Assume a safe loading of three transformers 
to be 300 kva, the power factor, 75 per cent, 
and the kilowatts, 225. The load on each 
transformer, 100 kva, 75 kw. 

In open delta, the loading of each trans¬ 
former will be 173 kva, less a small decrease 
in output due to regulation. 

If capacitance should be added to bring the 
power factor of each transformer to 100 per 
cent, the loading of each would be 112.5 kva, 
plus the capacitor losses, which are small. 

Should capacitance be added to bring the 
power factor of the transformer which is con¬ 
nected across the phase lagging the open 
delta to 90 per cent, the load on each trans¬ 
former will average approximately 125 kva, 
plus capacitor losses. This is still a satis¬ 
factory condition, as the regulation will be 
good, and transformers can be cooled with 
fans. 


Method of Connecting Capacitance 

Tests were made to determine the most 
effective application of capacitance to the 
phases of an open delta bank with loads of 
various power factors. A capacitance 
ratio of two parts across the phase lag¬ 
ging the open delta to one part across the 
open delta gave satisfactory results. This 
connection is shown schematically in 
Figures 4, 5, and 6, and is used in all 
mobile units. Thirty-six 15-kva capaci¬ 
tors rated 600 volts with 2,400-volt in- 



POWER FACTOR OF LOAD 



Figure 3. Mobile capacitor unit attached to 
towing vehicle 


capacity is comparatively small and can 
be handled easily. 


Tests and Operating Results 


Figure 1. Calculated phase regulation of open- 
delta bank with transformers loaded to 173 
per cent of rating 

Transformer rating: 

300 kva, 35 degrees centigrade rise 
Voltage, 40,000/575 

Regulation: 

100 per cent power factor—0.94 per cent 
90 per cent power factor—3.70 per cent 
80 per cent power factor—4.65 per cent 

sulation to case were installed in each 
mobile unit. The groups .of 12 and 24 
capacitors were arranged for connection 
in parallel for 000-volt operation and four 
series-parallel for 2,400-volt operation. 
A mobile unit of this size was determined 
upon as a single unit is applicable to banks 
with loads as small as 300-kva and to 
banks with loads as large as approxi¬ 
mately 1,500 kva, there being some 400 


Data were obtained from capacitors in 
use as well as in tests in which one trans¬ 
former was disconnected to give open 
delta connection. Figure 4 shows test on 
bank of 300 kva, 35-degree rise, 44,000/ 
575-volt transformers with a peak load of 
over 1,300 kva and with complete read¬ 
ings taken with loads between 1,100 and 
1,200 kva. Temperature curves show 
transformer temperatures while operating 
in closed delta, self-cooled, and in open 
delta, fan-cooled, with capacitors. One 
set of readings was taken with 25 per cent 
of the capacitors disconnected, but with 
the same ratio of 2 to 1 applied to the 
phase lagging the open delta and across 
the open delta. This test, as well as data 
in Figures 5 and 6, illustrates the wide 
range permissible in amount of capaci¬ 
tance used. Figure 5 shows test of bank 


banks within these limits on the system 
on which these mobile capacitors are used. 
As can be seen in Figure 3, a unit of this 


Figure 2. Calculated perform¬ 
ance of transformers in open 
delta with and without capaci¬ 
tors 

Transformer rating: 

750 kva, 35 degrees centi¬ 
grade rise 

Voltage: 44,000—2,400 
Regulation: 

100 per cent power factor— 
0.94 per cent 

90 per cent power factor— 
3.60 percent 

80 per cent power factor— 
4.75 per cent 

74 per cent power factor— 
5.00 per cent 

Power factor of load: 

74 per cent 

Per cent impedance: 

0.9+j6.5 on 750 kva 
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Figure 4. Performance of transformer bank in 
closed delta and in open delta with and without 
capacitors 

Transformer rating: 

300 kva, 35 degrees centigrade rise 
Voltage: 40,000/575 

Regulation: 

100 per cent power factor—0.94 per cent 
90 per cent power factor—3.70 per cent 
80 per cent power factor—4.65 per cent 

of 750 kva, 35 degrees centigrade, 44,000/ 
575-volt transformers. In this case, 
capacitance of 1,080 kva was used for one 
set of readings and 540 kva for another, 
in each case the ratio of 2 to 1 across the 
lagging phase and open delta being re¬ 
tained. Figure 6 shows results with one 
250-kva transformer of a bank of three 
out of service, a load of over 600 kw, with 
a normal power factor of approximately 
80 per cent being carried by the remain¬ 
ing two transformers with a 540-kva 
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LOAD AND TEMPERATURE 
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SCHEMATIC CONNECTION 
OF CAPACITORS AND LOAD 


Figure 5. Performance of transformer bank in 
closed delta and in open delta with and with¬ 


capacitor unit. As in Figures 4 and 5, 
additional readings were taken with vari¬ 
ous amounts of capacitance. 

The preceding figures illustrate the 
flexibility of the mobile capacitor units, 
for they are applicable to all open delta 
banks, regardless of primary voltage or 
impedance providing the secondary volt¬ 
age is common to one of the two voltages 
for which these units are arranged. Pro¬ 
vision is made to permit a portion of the 
540 kva in each mobile unit to be dis¬ 
connected quickly, still retaining the 2 to 
1 ratio, if less capacitance is required for 
smaller loads, and, as shown in Figure 7, 
two or more units may be operated in 
parallel to take care of larger loads. 

Description of Mobile Unit 

As the total weight of the unit is only 
4,600 pounds, it can be handled easily by 
car or light truck. Electric brakes are 


out capacitors 

Transformer rating: 

750 kva, 35 degrees centigrade rise 
Voltage: 44,000/600 

Regulation: 

100 per cent power factor—0.81 per cent 
90 per cent power factor—2.73 per cent 
80 per cent power factor—3.39 per cent 

provided with brake control on a flexible 
cable, so each capacitor unit can be towed 
by any one of a number of vehicles. 

The enclosing housing is provided with 
doors on each side, one side providing 
access to a 50,000-lcva automatic oil cir¬ 
cuit breaker which controls the capacitor 
circuit. The door on the opposite side 
opens to a terminal board by means of 
which the capacitors may be grouped for 
either 600- or 2,400-volt operation. One 
multitap current transformer on each of 
the two groups of capacitors provides cur¬ 
rent indication and tripping energy. 
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Ventilation of the capacitors and 
breaker is provided. by openings in the 
bottom and at each side of the enclosing 
housing. Natural circulation of air was 
found insufficient to maintain capacitor 
temperatures within desired limits so a 
12-inch exhaust fan was installed in one 
side of each mobile unit. This provided 
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Figure 6 (left). Per¬ 
formance of open- 
delta transformer 
bank with and with¬ 
out capacitors 

Transformer rating: 
250 kva, 55 de¬ 
grees centigrade 
rise 

Voltage: 

13/200/575 

Regulation: 

106 per cent 
power factor— 
1.2 per cent 
80 per cent 
power factor— 
4.05 per cent 


SCHEMATIC CONNECTION 
OF CAPACITORS AND LOAD 


The entrance bushings are stenciled, 
“Common,” “High,” and “Low,” refer¬ 
ring to the transformer bus; the phase to 
which the two transformers connect being 
the “Common,” the phase having the 
higher voltage as referred to the “Com¬ 
mon” connecting to the “High” terminal, 
and the remaining phase to the “Low” 
terminal. With this marking correct 


Figure 7. Test setup with two mobile capaci¬ 
tor units connected in parallel 


Voltage readings are not required for cor¬ 
rect connection if phase rotation is known 

The portable fans can usually be trans¬ 
ported in the towing vehicle. Two fans 
per transformer will ordinarily cool a 
transformer 500 kva or smaller, and three 
or more are used on a larger transformer. 

Conclusion 

By locating portable capacitor units at 
strategic points on a power system, per¬ 
missible loading of closed delta banks may 
approach the safe thermal limit and still 
be operated in open delta in emergency. 
The mobility, light weight, and simplicity 
of connection, permit rapid installation of 
the portable capacitor units. As the 
mobile units are applicable to all trans¬ 
former banks having secondary voltages 
common to the capacitors, the number of 
transformers held for emergency use may 
be reduced. This is particularly true on 
systems having a multiplicity of primary 
voltages. 

Reference 


ample circulation for properly cooling the 
equipment. 


connection of the portable unit to the 
transformer bus can be made quickly. 


1. A 100,000-Volt Portable Substation, Charles 
I. Burkholder and Nicholas Stahl. AIEE Trans¬ 
actions, volume 34, 1915, pages 279-92. 
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ynopsis: Safe overloads for transformers 
can be determined by a modification of the 
American Standards Association rule for 
overloading to permit the use of an equiva¬ 
lent ambient temperature, which will result 
in the^ same loss of life as for continous 
operation at 30 degrees centigrade ambient 
and full load. 

Based on the rule that aging of insulation 
doubles for each eight degrees centigrade 
increase in temperature, methods are de¬ 
veloped for calculating the equivalent am¬ 
bient temperature based on United States 
Government Weather-Bureau records. The 
equivalent ambient temperature for each 
t month is calculated as the sum of the 
greatest recorded monthly mean tempera¬ 
ture plus a daily correction factor based on 
the greatest recorded daily range, plus a 
monthly correction factor based on the 
greatest recorded monthly range. Monthly 
equivalent ambient temperatures* 1 so ob¬ 
tained can be used in combination with load 
curves to determine the permissible safe 
load for a transformer for a given locality. 

Usefulness of Equivalent Ambient 

TFRANSFORMERS are given a name- 
■ plate rating in kilovolt-amperes which 
is the load they will carry under specified 
conditions. They may be safely over¬ 
loaded beyond their name-plate rating 
under certain conditions, such as an am¬ 
bient temperature below 30 degrees centi¬ 
grade. In most locations ambient tem¬ 
peratures below 30 degrees centigrade 
exist for at least a portion of the time. 

One method of conserving material is to 
utilize it to the best advantage so that 
greater output can be secured from a 
given quantity. Following these, prin¬ 
ciples, transformers now in service can be 
used to carry loads greater than their 
name-plate rating, and new transformers 
with smaller name-plate ratings than the 
kilovolt-amperes to be carried can be 
secured for new applications. 

Principles Governing Equivalent 
Ambient 

Under normal operating conditions a 
transformer ages because of the effect of 
temperature in deteriorating the insula- 

Paper 43-18, recommended by the AIEE committee 
on electrical machinery for presentation at the 
AIEE national technical meeting, January 25-29, 
1943. Manuscript submitted October 30, 1942; 
made available for printing December 4, 1942. 

W. C. Sealey is engineer in charge of transformer 
design, Allis-Chalmers Manufacturing Company, 
Milwaukee, Wis. 
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tion. The rate at which the life of the 
insulation is consumed increases as the 
operating temperature is increased. An 
increase in ambient temperature of the 
cooling medium results in a correspond¬ 
ing increase in the operating temperature 
of the transformer and corresponding 
increased rate of loss of life. Similarly, a 
decrease in the ambient temperature 
results in a decrease in the rate of loss of 
life. 

Under actual operating conditions, the 
ambient temperature varies continuously. 
According to the American Standards 
Association Guides for Operation “oil- 
immersed self-cooled transformers may 
be overloaded continuously one per cent 
of rated kilovolt-amperes for each degree 
centigrade that the daily temperature of 
the cooling medium is below 30 degrees 
centigrade.” 

Accordingly, if the transformer is 
operating at constant load throughout 
the year, the maximum load will be based 
on the hottest day of the year. The use 
of an equivalent ambient temperature 
permits fuller utilization of transformer 
capacity, taking advantage of the fact 
that operation at low temperatures at 
lower rate of loss of life tends to com¬ 
pensate for operation for a time at high 
temperatures with faster rate of loss of 
life of insulation. 

The equivalent ambient temperature 
is defined as the temperature which, if 
maintained continuously during the pe¬ 
riod of time under consideration, would 
result in the same aging of insulation as 
that occurring under the actual ambient 
temperatures. The equivalent ambient 
temperature may be used with the follow¬ 
ing modification of the American Stand¬ 
ards Association rule for overloading 
transformers: “For low ambient tempera¬ 
tures the continuous kilovolt-ampere 
loading may be increased one per cent 
for each degree centigrade that the equiva¬ 
lent -ambient temperature is below 
30 degrees centigrade for* self-cooled 
transformers.” 

The calculations for determining the 
equivalent ambient temperature are based 
on the laws governing the aging of trans¬ 
former insulation. If the rate of aging 
were proportional to the temperature, the 

Sealey Equivalent Ambient Temperatures 


equivalent temperature would be equal 
to the average temperature. Actually, 
however, aging proceeds more rapidly 
at higher temperatures. The rate of 
■aging doubles for each increase in tem¬ 
perature of five to ten degrees centigrade. 
Figure 1 is a curve which shows the rate 
of loss of life as a function of operating 
temperature, assuming the rate of aging 
doubles for each increase in temperature 
of eight degrees centigrade. Since the 
rate of aging shown in Figure 1 is relative, 
the ordinates (degrees centigrade) can 
represent actual degrees centigrade or 
degrees centigrade above any assumed 
base temperature. 

Where the ambient temperature 
changes slowly, it has the effect of in¬ 
creasing the operating temperature of the 
transformer a corresponding amount. 
For example, if the ambient temperature 
is 40 degrees centigrade instead of 30 
degrees centigrade, the operating tem¬ 
perature of»the transformer will be ten 
degrees higher. 

The method of calculating the equiva¬ 
lent ambient temperature is illustrated by 
Figure 2. Curve A is the recorded am¬ 
bient temperature plotted versus time. 
Using curve A as a base and the relation 
between temperature and rate of loss of 
life in Figure 1, curve B is plotted, rep¬ 
resenting the rate of loss of life in per 
cent of the rate of loss of life at ten degrees 
centigrade corresponding to points on 
curve A. The degrees centigrade of each 
point of curve A above the assumed base 
temperature of 10 degrees centigrade are 
used to find the relative rate of aging 
for that point from Figure 1, for plotting 
on curve B of Figure 2. The area 
under curve B represents the total loss 
of life, and the average value of the 
ordinates of curve B is the average rate 
of loss of life for the period considered. 
The equivalent ambient temperature is 
the sum of the base temperature of ten 
degrees centigrade plus the temperature 
from Figure 1 corresponding to the 
average loss of life in Figure 2, since, if 
maintained constantly, this temperature 
would result in the same total loss of 
life as results from curve A . 

Integration in exactly this manner 
could be used for determination of the 
equivalent temperature. 

However, when using available data, 
the problem is considerably simplified if 
the year is considered on a monthly basis 
and the characteristics of a typical day 
for each month are determined. The 
monthly equivalent ambient tempera¬ 
tures are obtained by combining the 
daily equivalent ambient temperatures 
for the days of the month. In turn, the 
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RELATIVE RATE OF AGING 


Figure 1 (left). Curve 
showing how rate of 
aging varies with the 
temperature accord¬ 
ing to the eight de¬ 
grees centigrade rule 


Figure 2 (right). 
Curves illustrating 
aging calculations 



annual equivalent ambient temperature 
is obtained by combining the monthly 
equivalent ambient temperatures for 
the months of the year. 

General Curves 

Using the principle outlined in connec¬ 
tion with Figures 1 and 2, it is possible to 
calculate the equivalent ambient for tem¬ 
perature variations with time for any 
shape of wave. A convenient manner of 
expressing the data so obtained is as a 
correction to be added to the average 
value of the wave or as a different cor¬ 
rection to be subtracted from the maxi¬ 
mum value of the wave. Curves showing 
the corrections to be added to the average 
value to obtain the equivalent tempera¬ 
ture of a sine wave and of a wave in which 
the temperature varies as a straight line 
function of the time are shown in Figures 
3 and 4. Figure 5 shows similar correc¬ 
tions to be subtracted from the maximum 
value of square top waves. These cor¬ 
rections in each case were obtained by 
calculating the equivalent temperature 
in the same manner as the equivalent 
temperature of Figure 2 was obtained. 

Daily Temperatures 

The records of the weather bureau for 
the location considered can be used to 
determine average daily temperatures and 
the variation during the day of the hourly 
temperature. 

Transformers do not respond immedi¬ 
ately to changes in ambient temperature 
because of the thermal capacity of their 
copper, iron, and oil. The effect of the 
thermal capacity of a transformer is two¬ 
fold. It tends to smooth out and average 
the effect of rapid changes in tempera¬ 
ture. In addition, it decreases the effect 
of the change so that a change of ten 
degrees in ambient during a 24-hour 
period, for example, will result in only an 


eight-degree change in the hot-spot tem¬ 
perature of the transformer. The mathe¬ 
matical relations governing this effect 
are derived in Appendix I where it is 
shown that the variation in temperature 
of a typical transformer caused by sine- 
wave variation in the ambient tempera¬ 
ture during one day is 80 per cent of the 
ambient-temperature variation. The ef¬ 
fect of the higher harmonics is smoothed 
out and decreased more than the tempera¬ 
ture variation because of the fundamental 
frequency of one cycle per day. 

Figure 6 shows typical daily variation 
in temperatures taken from reports of 
the United States Weather Bureau. 
This curve is of the general form of a sine 
wave with superimposed higher frequency 
harmonics of smaller magnitude. 

The daily range in temperature may 
vary from a few degrees to as much as 
50 degrees Fahrenheit or more. An ex¬ 
amination of weather-bureau records of 
the range in temperatures indicates that 
the greater ranges may occur in connec¬ 
tion with the highest temperature of the 
month or with the lowest or intermediate 
temperatures. Consequently, the as¬ 
sumption is made that every day has the 
same daily range in temperature. It will 
be noted that curve A of Figures 3 and 4 
gives practically the same results as tak¬ 
ing 80 per cent of the range and applying 
it to curve B. Consequently, for correct¬ 
ing for daily range the correction from 
curve A corresponding to the daily range 
may be added to the average temperature. 
The value of daily range to be chosen de¬ 
pends upon the conservatism desired. 
In order to insure conservative values of 
ambient temperature, the use of the 
greatest recorded daily range in tempera¬ 
ture is recommended. 

(The American Standards Association 
rule takes into account daily variations, 
and strictly speaking no correction would 
be made for them. However, in the in¬ 


terest of greater exactness, it seems logical 
to make this correction in order to obtain 
a constant base for the life of insulation 
instead of a varying base depending upon 
the locality.) 

Monthly Temperatures 

If the mean daily temperatures are 
averaged over a period of years, the aver¬ 
age daily temperatures will vary with 
time in accordance with a sine wave. 
Figure 7 shows values for Milwaukee over 
a period of 55 years. The average maxi¬ 
mum, the, average mean, and the average 
minimum daily temperatures vary as sine 
waves with superimposed higher har¬ 
monics of smaller magnitude. 

On the average the temperature during 
an individual month will follow a portion 
of a sine wave. Since there are 12 months 



TEMPERATURE RANGE-DEGREES CENTIGRADE 

Figure 3. Correction curves—degrees centi¬ 
grade 


Curve A — Correction to be added to average 
value of straight-line variation of temperature 
to obtain equivalent temperature 

Curve B —Correction to be added to average 
value of sine wave of temperature to obtain 
equivalent temperature 


88 Transactions 


Sealey—Equivalent Ambient Temperatures 


Electrical Engineering 









TEMPERATURE RANGE-DEGREES FAHRENHEIT 

Figure 4. Correction curves—degrees Fah¬ 
renheit 

Curve A Correction to be added to average 
value of straight-line variation of temperature 
to obtain equivalent temperature 
Curve B Correction to be added to average 
value of sine wave of temperature to obtain 
equivalent temperature 

in a year, and the period of yearly varia¬ 
tion of temperature is 12 months, each 
month will extend over J /ia of 360 degrees, 
or 30 degrees. Since the curvature of 
each part of a sine wave is different, the 
actual shape of the ideal monthly vari¬ 
ation will be different for each period 
of the year. If a straight line is drawn 
through the maximum value for the 
month and the average value for the 
month, a very close approximation will 
be obtained for periods of the order 
of one month. The portion of the curve 
which has the greatest effect on the aging 
is the portion above the average value, 
and it will be apparent by inspection of 
the straight lines A, B, and C of Figure 8 
that very little error is introduced by 
assuming a straight-line variation of tem¬ 
perature with time during a month, if 
the straight line passes through the maxi¬ 


mum value of temperature and the 
mean value of temperature located at the 
halfway point of the month. Figure 9 
shows typical values of the variation of 
daily temperature during the month. 
The mean temperatures plotted are ar¬ 
ranged in their order of magnitude with 
the hottest day plotted at the left and 
progressing to the coldest day at the right. 
These curves are in accordance with the 
ideal variation in that a straight line 
drawn through the maximum daily mean 
temperature for the month and the 
monthly mean temperature results in a 
very good approximation of the monthly 
equivalent. Consequently, curve A of 
Figures 3 and 4 can be used to obtain 
the correction for variation of daily mean 
temperatures during the month. The 
range in temperatures to be used depends 
upon the conservatism desired. In order 
to insure conservative values of ambient 
temperature, the use of the greatest 
monthly range of daily mean temperatures 
ever recorded for that month is recom¬ 
mended. This figure is not always readily 
available. In such cases one of the other 
approximations given in Appendix III can 
be used. 

Figure 10 shows a nontypical variation 
of temperatures during a month in which 
the temperatures vary considerably from 
a straight line. However, even here the 
straight line drawn through the maxi¬ 
mum and the mean temperatures rep¬ 
resents an equivalent temperature that 
is not greatly in error, and such a wave 
shape is certain to have an average value 
that is lower than the greatest average 
value ever recorded for the month, be¬ 
cause of the effect of the low values in 
reducing the average. This is illustrated 
by the figure where the actual mean was 
20 degrees Fahrenheit for the month and 


greatest mean recorded for that month 
is 34 degrees Fahrenheit. 

Reports of the weather bureau show 
the mean temperature for each month 
over a large number of years. By select¬ 
ing the greatest mean temperature which 
has been recorded for that month, a 
value of average temperature is obtained 
which is not likely to be exceeded in the 
future years or in any case by more than a 
small amount. Using these values, the 
equivalent monthly ambient is equal to 
the greatest mean temperature ever re¬ 
corded for the month, plus the daily cor¬ 
rection corresponding to the greatest 
daily range ever recorded for the month 
from curve A of Figures 3 or 4 plus 
the monthly correction corresponding to 
the greatest monthly range in daily mean 
temperature ever recorded for the month 
from curve A of Figures 3 or 4. 

After equivalent temperatures for each 
of the 12 months of the year have been 
calculated, the equivalent temperature 
for any period of time involving two or 
more months can be determined readily 
by use of Figure 5. By successively com¬ 
bining months, the equivalent tempera¬ 
ture for the complete year may be ob¬ 
tained with accuracy, without making 
assumptions as to the variation of the 
average monthly temperatures through¬ 
out the year. 

Source of Data 

The most convenient source of tem¬ 
perature data to be used in calculating 
tlie equivalent ambient is the annual and 
monthly meteorological summaries of 
the location concerned which can be ob¬ 
tained in each case from the local weather 
bureau. A list is given in Appendix II 
of the cities which have United States 
Weather Bureaus which issue meteoro¬ 



logical summaries. In addition, weather 
bureaus can furnish certain specific data 
on request. An example of such data is 
the greatest daily range in temperature 
which lias ever occurred during a given 
month since an early date. 

Recommended Rules for Calculating 
Equivalent Ambient 

1. The daily correction is read from curve 
A, Figure 3 or 4, corresponding to the value 
of the greatest recorded daily range in tem¬ 
peratures for the month. 

2. The monthly correction is read from 
curve A, Figure 3 or 4, corresponding to the 
greatest recorded range of daily mean tem¬ 
peratures for the month. (See appendix for 
approximations.) 

3. The equivalent monthly temperature 
equals 'the maximum mean temperature for 
the month considered, for any year plus the 
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Table I. Typical Calculation of Equivalent Ambient Temperatures 


Month 

Jan 

Feb 

Mar 

Apr 

May 

June 

July 

Aug 

Sept 

Oct 

Nov" 

Dec 

Greatest daily range. 

.36 ... 

..44 ... 

..46 .. 

...40 .. 

...39 .. 

...34 .... 

.29 ... 

..30 .. 

...42 ... 

...33 ... 

..43 ... 

...43 

Greatest monthly range in daily tem¬ 
perature. 

,49 . .. 

..51 ... 

..50 .. 

. . . 44 . . 

...39 .. 

...34 .... 

.30 ... 

..27 .. 

...34 ... 

...40 ... 

..51 ... 

. . .46 

Greatest monthly mean. 

46.2... 

..42.2... 

..52.5.. 

...59.2.. 

...67.9.. 

...78 .... 

.80.6... 

..79.2.. 

. ..75.4.. 

. ..62.8... 

..50.9.. 

. ..44.6 

Daily correction. 

2.3... 

. . 3.5... 

.. 3.8.. 

... 2.8.. 

... 2.7.. 

. .. 2.0.... 

. 1.5... 

. . 1.6.. 

. . . 3.1.. 

... 1.9... 

.. 3.3.. 

... 3.3 

Monthly correction. 

4.4... 

.. 4.8... 

.. 4.6.. 

... 3.5.. 

... 2.7.. 

... 2.0.... 

. 1.6. .. 

.. 1.3.. 

... 2.0... 

.. 2.8... 

.. 4.8... 

... 3.8 

Equivalent ambient (degrees Fahren¬ 
heit) . 

52.9... 

..50.5... 

..60.9.. 

. ..65.5.. 

.. .73.3.. 

. ..82.0.... 

, .83.7... 

..82.1.. 

io 

o 

00 

. . .67.5... 

..59.0.. 

...51.7 

/ 

12 ... 

..10 ... 

..16 ... 

..19 ... 

..23 ... 

..28 .... 

.29 ... 

.. 28 .. . 

..27 ... 

..20 ... 

..15 ... 

..11 


Equivalent ambient (degrees 
centigrade). 


C 


Permissible per cent overload C. 

Equivalent ambient —•D . 

Permissible per cent overload D. 


«"• 


• 11.1 - y 

.14.9- 


•17.6- • 


•22.7 


- 11 . 1 - 


■ — —16.8- 


■ 




• -21.9 
19.6- • 


25.8- 


■> - 4 - 




28.3 

28.3' 


28 


-<-24.1.-> -4 -13.2..- 

■> - 4 -. 20 . 

■ •->“ 4 ". 20 . 


■•> 4 -. 20 

••> 4 -. 20 


•> 

•> 

•> 

-4 

■> 

•-4 


■ -13.2- ■ 
• -15.9- 
•■14.1- 


• -4- 4- 

4- 

• ■->• 4- 


•• 1.7- 
•-28.3- 
•• 1.7- 


• 4.io. 

.24.1 4- 

.5.9 4- 


15.9 

14.1 


4 


daily correction from rule 1 plus the monthly 
correction from rule 2. 

4. The equivalent temperatures for periods 
of two or more months may be obtained by 
combining equivalent monthly temperatures 
using the curves of Figure 5 and subtracting 
the correction of Figure 5 from the higher 
equivalent ambient monthly temperature. 

Application of Rules for Calculation 

of Equivalent Ambient 

Table I shows how these rules may be 
applied to calculating equivalent ambient 
temperature by their application to the 
Philadelphia district. The data were ob¬ 
tained from the local weather bureau. 
The first three lines of Table I contain 
data obtained from the weather bureau 
in Philadelphia. The fourth and fifth 
lines are the daily and monthly correc¬ 
tions from Figure 4 corresponding to the 
temperature ranges in lines 1 and 2, 
respectively. The equivalent ambient 
(degrees Fahrenheit) is the sum of the 
preceding three lines. The equivalent 
ambient in degrees Fahrenheit is con¬ 
verted into degrees centigrade. In the 
following lines, the months are combined 
into longer periods, using the curves of 
Figure 5. The period considered is rep¬ 
resented by the arrows. The equiva¬ 
lent yearly ambient is 21.9 degrees centi¬ 
grade. According to the modification of 
the American Standards Association rule, 
a transformer can carry 30-21.9 or 8.1 
per cent additional load continuously 
in this locality; that is, a load of 108 per 



HOUR 

Figure 6, Typical variation of ambient tem¬ 
perature during 24-hour period 


Figure 7. Typical 
variation of average 
daily temperatures 
over a period of 55 
years 



cent of the name-plate rating. This is 
shown by curve C of Figure 11. Curves 
A and B are determined similarly. 

Application of Equivalent Ambients 

to Load Curves 

Any yearly load curve can be plotted 
in per cent of the maximum load as shown 
by Figure 12, curve B. By plotting the 
permissible load for the same periods of 
time as the load blocks on the same scale, 
an indication will be obtained as to which 
curve best fits the load scale. In some 
cases a recombination of curves will allow 
the load curve to be approached more 
closely. It should be noted that only one 


of the safe load curves may be used. That 
is, any curve has the same loss of life as 
any other curve, but it is not permissible 
to use part of one curve for a portion of 
the year and part of another curve for 
another portion of the year. It is, of 
course, permissible to divide the per¬ 
missible load curves into blocks of un¬ 
even periods of time, as is shown by curve 
C of Figure 12. This is accomplished by 
the use of the curves of Figure 5 in con¬ 
nection with the equivalent monthly 
ambient temperatures. 

Example. Assume the maximum 
kilovolt-amperes of load curve B of 
Figure 12 is 8,000 at 80 per cent daily 


Table II. Equivalent Ambient Temperatures (Degrees Centigrade) for Various Localiti s 


Annual Jan 


Atlanta . 

..25.. 

..16. . 

Bismarck . 

. .21. , 

.. 3. . 

Boston. .. 

..20.. 

.. 8. . 

Chattanooga . 

. .24. . 

. .16. . 

Chicago. 

..21.. 

. .10. . 

Corpus Christi. 

..28.. 

. .22. . 

Dallas. 

..28.. 

..25.. 

Denver. 

..23.. 

. .12. . 

Detroit. 

..20.. 

.. 6.. 

El Paso. 

..26.. 

. .15. . 

Helena . 

. .20. . 

. .10. . 

Kansas City . 

..25.. 

. .11. . 

Los Angeles . 

..24.. 

. .20. . 

Louisville ... . . . 

.'.24. . 

. .16. . 

Miami . 

..28.. 

..27.. 

Milwaukee . 

..20.. 

.. 6.. 

Minneapolis . 

, . .21. . 

.. 2.. 

New Orleans . 

..27.. 

..23.. 

New York . 

..21.. 

. .11. . 

Oklahoma City . 

..25.. 

. .17. . 

Philadelphia. 

..22.. 

. .12. . 

Phoenix. 

..31.. 

..18.. 

Pittsburgh. 

..23.. 

. .12. . 

St. Louis. 

..25.. 

. .14. . 

Salt Lake City. 

. .22.. 

.. 6 .. 

San Francisco . 

. .19. . 

. .14. . 

Seattle . 

. .18. . 

. .10. . 

Washington, D. C. .. 

..23.. 

.. 12 . . 


Feb 

Mar 

Apr 

May 

June 

July 

..17.. 

..20.. 

.23. 

.27.. 

. .30. . 

. .30. . 

. . 8. . 

. .14. . 

.17. 

.23.. 

. .27. . 

. .32. . 

. . 7.. 

. .11. . 

.15. 

.22.. 

..27.. 

..28.. 

. .17. . 

. .20. . 

.22. 

.26. . 

. .30. . 

. .30. . 

. .10.. 

. .13. . 

.18. 

.23. . 

. .28.. 

. .28. . 

. .22. . 

. .25. . 

.27. 

.28. . 

. .30. . 

..31.. 

. .20.. 

. .23, . 

.26. 

.28.. 

. .32. . 

. .33. . 

. .13. . 

. .15. . 

.19. 

.23. . 

. .27. . 

. .30. . 

.. 8.. 

. .11. . 

.17. 

.23.. 

. .27. . 

. .28. . 

. .15.. 

. .20. 

.24. 

,28.. 

. .32.. 

. .32. . 

.. 8.. 

. .11.. 

.16. 

.20. . 

. .25. . 

..29.. 

. .13. . 

. .20. 

.21. 

.26. . 

..32.. 

. .33. . 

. .20. . 

. .22. . 

.22. 

.23. . 

. .25. . 

..27.. 

. .13. . 

. .18. . 

.22. 

. . 26. . 

. .28.. 

. .31. . 

. .25. . 

. .26. . 

.28. 

..28.. 

. .29.. 

. .30. . 

.. 6.. 

. .10. . 

.16. 

. .21.. 

. .27. . 

. .28. . 

.. 3.. 

. .12. . 

.18. 

. .24. . 

..28.. 

. .30. . 

..23.. 

. .24. . 

.25. 

. . 28. . 

. .31. . 

. .31. . 

.. 9.. 

. .14. . 

.18. 

. . 23.. 

. .28. . 

. .29. . 

. .19.. 

. .21. . 

.23. 

. .26.. 

..32.. 

. .32. . 

. .10. . 

..16. . 

.19. 

. .23.. 

..28.. 

..29.. 

..20. . 

..23.. 

.28. 

. .32.. 

..36.. 

. .39. . 

. .12. . 

..15.. 

.20. 

. .25. . 

. .27. . 

. .30. . 

. .13. . 

..20.. 

.22. 

. .26. . 

. .32.. 

. .33. . 

. . 9. . 

. .13. . 

.18. 

. .24. . 

..29. . 

. .32. . 

..15.. 

..18.. 

.19. 

. .20. . 

. .21. . 

. .20. . 

..11. . 

. .16.. 

.17. 

. .20. . 

. .21. . 

. .23. . 

..12.. 

..18.. 

.21. 

..26.. 

. .28. . 

..31. . 


Aug 

Sept 

Oct 

Nov 

Dec 

. .30.. 

. .31. 

.25. 

. .20.. 

..18 

. .28.. 

..25. 

.19. 

. .11.. 

.. 7 

..26.. 

. .24. 

.20. 

..13.. 

. .11 

. .30. . 

. .28. 

.25. 

. .20.. 

..15 

. .27. . 

. .25. 

.19. 

. .14.. 

..11 

. .31. . 

. .30. 

.29. 

. .25.. 

, ,24 

..33.. 

. .31. 

.26. 

. .21.. 

..18 

. .31. . 

. .26. 

.20. 

. .15.. 

..14 

. .27. . 

. .25. 

.18. 

. .13.. 

.. 8 

. .31. . 

..30. 

.25. 

. .20. . 

..16 

..27.. 

. .22. 

.17. 

. .11.. 

. .10 

. .33.. 

..28. 

.22. 

. .18.. 

.,13 

..27.. 

. .27. 

.25. 

. .22. . 

. .20 

. .30. . 

. .29. 

.22. 

..20.. 

..17 

..30.. 

. .29. 

.28. 

..27.. 

..27 

. .26.. 

..23. 

.18. 

. .13.. 

.. 7 

..29.. 

. .24. 

.18. 

.. 9.. 

.. 6 

..31.. 

..30. 

.29. 

. .23.. 

. .22 

. .27. . 

. .26. 

.20. 

. .14. . 

. .11 

..33.. 

. .31. 

.26. 

..20.. 

. .13 

..28.. 

. .27. 

.20. 

. .15. . 

..11 

..38.. 

. .35. 

.30, 

..22.. 

. .18 

..29. . 

. .28. 

.21. 

..17.. 

. .12 

..32. . 

. .27. 

.22. 

. .20. . 

..15 

..31. . 

. .26. 

.19. 

. .11. . 

.. 8 

..20. . 

. .22. 

.20. 

. .18. . 

. .14 

..22.. 

. .20. 

.17. 

. .12. . 

. .10 

..30. . 

. .28. 

.21. 

..16., 

, . .12 


90 Transactions 


Sealey—Equivalent Ambient Temperatures 


Electrical Engineering 































































































Figure 8. Comparison of assumed straight 
lines with ideal sine waves for variation during 
a monthly period throughout the year 


load factor. The location is Philadelphia. 
The correction for load factor is six per 
cent according to the interim report on 
transformer overloading and its effect is 
considered separately. Curves A and C 
are calculated as shown on Table I. If 
the unit is loaded by curve A , it will be 
noted that curves A and B are closest 
from January to April. Consequently, 
the transformer kilovolt-amperes re¬ 
quired will be 


8,000 

1.08 


= 7,400 kva 


If curve C is used, the transformer 
kilovolt-amperes required is 8,000/1.13 = 
7,070 kva. An examination of Table I 
shows that the equivalent ambient for 
November and December is lower than 
for the critical period, January to 
May. Consequently, greater overloads 
can be carried during the critical period 
if November and December are added to 
the block of the critical period to obtain 
curve D of Figure 12. If curve D is used, 
the transformer kilovolt-amperes required 
is 


8,000 

1.14 


= 7,020 kva 


The ordinates of curve B' are equal to the 
ordinates of curve B multiplied by 8,000/ 
7,020. A still further correction of six per 
cent can be made for the load factor so 
that the transformer kilovolt-amperes 
required = 


7,020 

1.06 


= 6,620 kva 


That is, 6,620 transformer kilovolt-am¬ 
peres is required to supply a maximum 
load of 8,000 kva, which varies during 
the year in accordance with load curve 
B with an 80 per cent daily load factor. 

Equivalent Ambient Temperatures 
for Various Localities 

Table II shows calculated values of 
monthly and annual equivalent ambient 



HOTTEST COLDEST 

DAYS 


Figure 9. Typical variation of daily mean 
temperatures during a month arranged in the 
order of magnitude for four different months 

The straight lines are drawn through the 

maximum and the mean temperature points 

temperatures for various localities in the 
United States. These values can be used 
for calculating permissible overloads for 
transformers. 

By reference to this table, it will be 
noted that there is much greater varia¬ 
tion in winter monthly ambient tempera¬ 
tures among localities than there is varia¬ 
tion in the annual ambient temperatures 
or summer ambient temperatures. For 
example, during January the variation is 
from two degrees centigrade for Minne¬ 
apolis to 25 degrees centigrade for Dallas, 
compared to an annual variation of from 
20 degrees centigrade for Boston to 31 
degrees centigrade for Phoenix. During 
July the variation is only from 28 degrees 
centigrade for Boston to 39 degrees centi¬ 
grade for Phoenix and 33 degrees centi¬ 
grade for Dallas. By the eight-degree 
rule, the higher temperatures which 
occur have a much greater effect on the 
value of the equivalent ambient than the 
lower temperatures. The variation a- 
mong localities of the highest tempera¬ 
tures is less than the variation among 
localities of the lowest temperatures. 
Consequently, the greatest variation 
among localities in safe loads will be dur¬ 
ing the winter months, not during the 
summer nor on an annual basis. 

These facts, in combination with the 
example in Table I, illustrate the value 
of using monthly equivalent ambient 
temperatures in combination with a 
yearly load curve for obtaining maximum 
output from a given transformer. 

Accuracy of Method 

The greatest values ever recorded have 
been used for monthly mean tempera¬ 
tures, monthly range in temperatures, 
and daily range in temperatures. Typi¬ 
cally shaped curves for the manner of 
variation of temperature with time have 
been used. The eight-degree rule has 
been assumed for the variation of the life 
of insulation. The life base used is that 
of a transformer operated continuously 



Figure 10. Nontypical variation of daily 
mean temperature during a month 



Figure 11. Safe overload curves for Phila¬ 
delphia 


Curve A — Monthly curve 

Curve B — Curve in four month blocks 

Curve C—Constant load curve 

at full load and 30 degrees centigrade 
ambient. 

For most years the actual values of 
every one of the factors of mean tempera¬ 
ture and ranges will be less than the 
values assumed. In addition, if one factor 
is low, it will tend to compensate for 
higher values of other factors. Con¬ 
sequently, the loss of life in nearly all 
years will be considerably less than tlie 
assumed value. The fact that low loss of 
life in one year will offset a high loss of 
life in another year provides an additional 
factor of safety. Such conservative rela¬ 
tions are desirable, since, if the equivalent 
ambient is to be safe for any year, it must 
be safe for the worst year which is liable to 
occur. 

It is, of course, possible to have an 
unusual combination of mean tempera¬ 
ture, temperature ranges, and shape of 
variation curves such as to produce a 
higher loss of life in a month than the base 
value, but such an occurrence is extremely 
unlikely. However, should such a com¬ 
bination occur, its effect will be to ex¬ 
ceed the base by only a small amount and 
very infrequently, and therefore it can be 
considered in the same class as an emer¬ 
gency overload. 

The eight-degree rule 1ms been found 
to be approximately correct by several 
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PER CENT KVA 


120 



Figure 12. Determination of permissible 
overload for a given load curve 

Curve A — Permissible constant load curve 


per degree centigrade thermal capacity of 
the body considered. Let W equal the watts 
heat flow from A to B, t = time and Tr = 
the temperature difference between A and 
C. In this circuit the energy flowing in 
time dt is equal to Wdt, and the heat ab¬ 
sorbed is equal to the thermal capacity 
times the change in temperature or KdT x . 
(T x = temperature drop across K.) Since 
all the heat is absorbed, the heat flowing 
equals the heat absorbed or 

Wdt=KdT x 

Solving for T Xf 



The temperature rise of the transformer 
is equal to the thermal drop across X. Con¬ 
sequently, the proportion of the total tem¬ 
perature which appears as the temperature 
rise of the transformer is equal to the sine 
of the angle, the tangent of which = X/R = 
1.27. The sine of the angle =0.79. That 
is, for a typical transformer the variation 
in temperature of the transformer due to 
daily variation in the ambient temperature 
is 80 per cent of the ambient variation. 


Curve B —Actual load curve in per cent of 
maximum load 

Curve B l — Actual load curve in per cent of 
transformer kilovolt-amperes 

Curve C—Permissible load curve 
Curve D—Permissible load curve 

independent investigators at various 
times, and indications are that a five- 
degree rule or a lower-temperature rule 
than eight degrees centigrade is unduly 
pessimistic for a transformer which has 
its insulation in good condition. 

Conclusions 

1. The use of equivalent ambient tempera¬ 
tures permits the load capacity of trans¬ 
formers to be utilized more fully, so that 
greater loads may be carried on present 
transformers, or so that smaller transformers 
may be secured for a given load. 

2. The equivalent ambient temperature 
can be calculated from the records of the 
local weather bureau, as the monthly mean 
temperature plus a correction for daily 
range in temperature plus a correction for 
a monthly range in temperature. 

3. Values of equivalent ambient tempera¬ 
tures which permit overloads to be carried 
with demonstrable safety can be obtained. 

4. The rules given in the text permit the 
determination of the equivalent ambient 
temperatures and corresponding overloads 
with a limited amount of calculation. 

5. The monthly equivalent ambient tem¬ 
peratures for each month of the year and 
combinations of them are more generally 
useful than the annual equivalent ambient 
for determining permissible overloads on 
transformers. 

Appendix I. Effect of the Thermal 
Capacity of a Transformer in Modi¬ 
fying Daily Temperature Variation 

In the portion of the heat circuit shown 
in Figure 13, heat is assumed to be flowing 
from point A to point B through the heat- 
resistive material (shown shaded) with a 
resistance R where R equals the temperature 
difference required to cause one watt of 
power to flow through the thermal circuit 
under steady conditions. Let the thermal 
capacity be K, where K is the watt-hours 


fwdt 

The temperature drop across the resistance 
R is equal to RW. Therefore, the total 
temperature drop in the circuit is equal to 

r=i?JF+4 fwdt 

K 

The equation of an electric circuit containing 
resistance and capacitance only is given as 
follows: 

e^=rl-\r" f Idt 

By inspection, it is evident that T in the 
equation corresponds to e , R corresponds to 
r, W corresponds to I, and IC corresponds to 
C. It is evident that thermal capacity bears 
the same relation to the heat circuit that the 
electrical capacity has in the electric circuit. 



HEAT CIRCUIT ELECTRIC CIRCUIT 


Figure 13. Heat circuit and analogous elec¬ 
tric circuit 


The reactance to heat flow=Z, and, by 
analogy to the electric circuit, is equal to 
1 /2irfK, where /=the frequency. For a 
typical transformer with a 45 degrees centi¬ 
grade oil rise for continuous operation, a 
thermal time constant of three hours, and a 
watts loss of W, the resistance to heat flow 
'in the circuit, R = 45/W. 

Normally, the ambient temperature of a 
transformer varies according to a daily 
cycle with a high point during the day and 
a minimum during the night, according to a 
sine law with sometimes superimposed 
higher-frequency variations (Figure 4). 
Consequently, / can be assumed to be = 1/24 
cycles per hour. 

The thermal time constant is the time re¬ 
quired to reach the ultimate temperature, 
if all heat were absorbed by the thermal 
capacity of the transformer. Consequently, 
for a typical transformer when the thermal 
time constant is 3, the value of 

WX 3 W 
1 ~ 45 _ 15 


2tt fK 1 W 

2 ’ rX 2 i x r 5 


180 

rW 


Appendix II. Locations of Gov¬ 
ernment Weather Bureaus from 
Which Meteorological Summaries 
May Be Obtained 


ALABAMA 

Birmingham 

Mobile 

Montgomery 

ARIZONA 

Flagstaff 

Phoenix 

Yuma 

ARKANSAS 
Fort Smith 
Little Rock 

CALIFORNIA 
Eureka 
Fresno 
Los Angeles 
Redding 
Sacramento 
San Diego 
San Francisco 

COLORADO 

Denver 

Grand Junction 
Pueblo 

CONNECTICUT 

Hartford 

DELAWARE 

Delaware Breakwater 

DISTRICT OF 
COLUMBIA 
Washington 

FLORIDA 
Apalachicola 
Jacksonville 
Key West 
Miami 
Tampa 

GEORGIA 

Atlanta 

Augusta 

Macon 

Savannah 

IDAHO 

Boise 

Pocatello 

ILLINOIS 

Chicago 

Peoria 

Springfield 

INDIANA 
Evansville 
Fort Wayne 
Indianapolis 

IOWA 

Charles City 
Davenport 
Des Moines 
Dubuque 
Sioux City 


KANSAS 
Concordia 
Dodge City 
Kansas City 
Topeka 
Wichita 

KENTUCKY 

Louisville 

Pikeville 

LOUISIANA 
New Orleans 
Shreveport 

MAINE 

Eastport 

Portland 

MASSACHUSETTS 

Boston 

MICHIGAN 
Alpena 
Detroit 
Escanaba 
Grand Rapids 
Houghton 
Marquette 

MINNESOTA 

Duluth 

Minneapolis 

MISSISSIPPI 

Meridan 

Vicksburg 

MISSOURI 
Columbia 
Kansas City 
St. Joseph 
St. Louis 
Springfield 

MONTANA 
Billings 
Havre 
Helena 
ICalispell 
Miles City 

NEBRASKA 

Lincoln 
North Platte 
Omaha 
Valentine 

NEVADA 

Reno 

Tonopah 

Winnemucca 

NEW HAMPSHIRE 
Concord 

NEW JERSEY 
Atlantic City 
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NEW MEXICO 
Albuquerque 
Roswell 

NEW YORK 
Albany 
Buffalo 
Canton 
New York 
Rochester 
Syracuse 

NORTH CAROLINA 
Asheville 
Charlotte 
Hatteras 
Raleigh 

NORTH DAKOTA 
Bismarck 
Devils Lake 
Fargo 
Williston 

OHIO 

Cincinnati 

Cleveland 

Columbus 

Toledo 

OKLAHOMA 
Oklahoma City 
OREGON 
Portland 
Roseburg 

PENNSYLVANIA 

Erie 

Harrisburg 

Philadelphia 

Pittsburgh 

SOUTH CAROLINA 
Columbia 
Charleston 

SOUTH DAKOTA 

Huron 

Rapid City 


TENNESSEE 

Chattanooga 

Knoxville 

Nashville 

TEXAS 
Abilene 
Amarillo 
Austin 
Brownsville 
Corpus Christi 
Del Rio 
Dallas 
El Paso 
Fort Worth 
Galveston . 
Houston 
San Antonio 

UTAH 

Salt Lake City 
VERMONT 
Burlington 
VIRGINIA 
Lynchburg 
Norfolk 
Richmond 

WASHINGTON 
Seattle 
Spokane 
Walla Walla 

WEST VIRGINIA 
Columbia 
Charleston 

WISCONSIN 
Green Bay 
La Crosse 
Madison 
Milwaukee 

WYOMING 
Cheyenne 
Lander 
Sheridan 
Yellowstone Park 


Appendix III 

In many cases local weather bureaus have 
compiled from their records values of the 
greatest range in daily mean temperature 
during each month in any one year. When 
this figure is not available, some other ap¬ 
proximation of the monthly range may be 
used in its place. One convenient base for 
such an estimate is the greatest daily range 
ever recorded during the month. An exami¬ 
nation of temperature records will show that 
the greatest range in monthly mean tem¬ 
perature is approximately the same as the 
greatest recorded daily range for the month. 
The correlation is not accidental. If the 
phenomena concerned are investigated, it 
will be apparent that large daily changes 
are due to changes in the wind direction 
from a cooler region to a warmer region or 
vice versa combined with the effect of sun¬ 
shine and precipitation, both factors being 
reduced in effect by the thermal capacity of 
the earth. Monthly variations are due to 
the same causes, and a correlation between 
the variation of daily mean temperature 
during the month and the maximum varia¬ 
tion of temperatures during the day would 
be expected. For calculation several altern¬ 
atives are possible: 1. To assume that 
the monthly range of daily mean tempera¬ 
ture is equal to the greatest daily range for 
that month. 2. More conservatively, the 
monthly range may be assumed to be equal 
to the greatest daily range ever recorded 
for that locality. Still another approxima¬ 
tion for the monthly range may be based on 
the greatest daily mean temperature ever 
recorded in that month and the greatest 


monthly mean temperature ever recorded 
for that month. Twice the difference of 
these two values may be used as the value 
of the monthly variation. 

It is obvious that the value of the 
equivalent ambient temperature obtained 
will be different, depending upon which 
one of these approximations is used. How¬ 
ever, the difference will not be great, and 
the overloads obtained will be reasonably 
safe. The more conservative the figure 
used for the monthly variation, the less fre¬ 
quent will be overloads combined with 
ambient temperatures which must be classed 
as emergency conditions. The life of the 
transformer will be prolonged if emergency 
conditions occur with less frequency. The 
safest practice is, of course, to use the most 
conservative of the methods in cases where 
data for different methods are available. 
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Wood-Pole 230-Kv Transmission Lines 

O. S. CLARK 

MEMBER AIEE 


S TEEL has been comparatively cheap 
in the United States and, until re¬ 
cently, available in quantity. Conse¬ 
quently the use of steel structures for 
supporting the higher-voltage transmis¬ 
sion lines has been favored by transmis¬ 
sion engineers. However, since conserva¬ 
tion of critical materials has become nec¬ 
essary, it is essential that designs incor¬ 
porating wood construction be considered 
for such applications. A contribution to 
efforts in this direction is provided by a 
review of the design used for single-circuit 
wood-pole 230-kv transmission lines re¬ 
cently constructed to supply power to 
an important industrial area. 

Early in 1942 plans for this project, in¬ 
cluding steel-tower designs, had been 
completed, and materials were about to 
be ordered when restrictions regarding the 
use of steel became effective. Subse¬ 
quently, the project was redesigned for 
wood-pole construction, and the entire 
project consisting of 158 miles of single¬ 
circuit 230-kv line was completed and 
placed in operation 5 V 2 months later. 

The decision to use wood construction 
precipitated a hasty review of previous 
experience with such designs. It was 
found that wood-pole construction had 
been used in Sweden for 230-kv operation 
with satisfactory results. However, de¬ 
tailed information regarding these lines 
was not available. These lines are the 
longest wood-pole lines built in the 
United States for 230-kv operation and 
the only ones for which wood has been 
used for all structures and all types of 
structures. 

Design Premises 

Conventional designs for transmission 
lines operating at lower voltages were 
available, and many had been proved 
satisfactory over long periods of operation. 
The general form of the two-pole H -frame 
structure appeared acceptable, though it 
was found that the problem of design was 
increased greatly because of increased in¬ 
sulation and conductor-clearance require- 


Paper 43-21, recommended by the AIEE committee 
on power transmission and distribution for presen¬ 
tation at the AIEE national technical meeting, 
New York, N. Y., January 25-29 1943. Manu¬ 
script submitted November 27, 1942; made avail¬ 
able for printing December 8, 1942. 

O. S. Clark is resident engineer, War Depart¬ 
ment, United States Engineer Office, Cooperstown, 
N. Y. 
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ments, greater mechanical loads caused 
by the increased conductor diameters, 
and correspondingly increased ice and 
transverse wind loads. It was intended 
that the lines should be designed to oper¬ 
ate with a high degree of reliability and 
that high factors of safety should be em¬ 
ployed in consideration of the importance 
of the connected load and the complete 
lack of previous experience with wood- 
pole construction for 230-kv operation. 
To attain high electrical reliability, ad¬ 
vantage was taken of the insulating 
value of the wood supporting members in 
the paths between conductors and ground. 
Suspension insulator strings of 15 5 3 /V 
inch units were provided, and these were 
supported through large metallic sur¬ 
faces in order to distribute leakage cur¬ 
rents. Experimental data regarding the 
minimum insulation required for 230-kv 
operation to prevent digestion and burn¬ 
ing of crossarm material were not avail¬ 
able. Operating records of lower-voltage 
wood-pole lines with proportionately less 
porcelain insulation indicate that the 
number of insulator units selected for 
these lines will assure satisfactory per¬ 
formance. 

The impulse flashover voltage (U/ 2 X 
40-microsecond negative wave) of a 15- 
unit insulator string is 1,345 kv, which is 
the flashover voltage of a rod gap of 76 
inches. The minimum clearance of the 
conductor from the pole ground wire was 
maintained at 86 inches. This value of 
minimum clearance permitted a maxi¬ 
mum conductor displacement of 37.5 de¬ 
grees from vertical. Minimum clearance 
to crossarms and other wooden members 
was 76 inches. For determinations of 
maximum conductor displacement, a 
wind pressure of eight pounds per square 
foot on bare conductor was assumed. 

Crossarm Design 

The length of crossarm required to 
maintain clearance desired under these 
conditions was 50 feet, which length pro¬ 
vided a conductor separation of 24 feet. 
Each crossarm consisted of 3- by 12-inch 
timbers, two 28-foot lengths and two 22- 
foot lengths, spliced at the center by 
means of a block 10 feet long and 12 by 
7 l /d inches in cross section. A lapped 
joint was designed using bolts and split¬ 
ring timber connectors between surfaces 
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in contact. Blocks of similar dimensions 
except four feet in length, were installed 
between the 3- by 12-inch members at 
the ends of the crossarm, also by means 
of bolts and timber connectors. These 
blocks served to increase greatly the 
strength of the arm in the longitudinal 
direction. 

Conductors 

Hollow copper conductors of 500,000 
circular mils cross section, 1.1 inches in 
diameter, were installed. The conduc¬ 
tor loading assumed was one-half inch 
radial ice with an eight-pound wind at 
zero degrees Fahrenheit. The maximum 
tension under this loading condition is 
9,000 pounds or 41.5 per cent of the ulti¬ 
mate strength. Two overhead ground 
wires, each consisting of three number 5 
extra-high-strength copper-covered steel 
strands, were installed and located so as 
to provide 30-degree angles of protection 
for each conductor. The maximum ten¬ 
sion of overhead ground conductors is 
4,300 pounds or 36 per cent of the ulti¬ 
mate strength. 

Structure Design 

To meet National Electric Safety Code 
requirements for grade-5 construction 
and to provide sufficient strength for 
spans of reasonable length, class-2 poles 
were specified and installed. Poles 65 
feet in length were required in order to 
provide level ground spans of 520 feet 
and the desired final clearances of con¬ 
ductors to ground of 32 feet at 60 degrees 
Fahrenheit. The pole-market situation 
early in 1942, however, was such that 65- 
foot poles were not available in the neces¬ 
sary quantities, though relatively greater 
quantities of 60-foot class-2 western-red- 
cedar, southern-pine, and Douglas-fir 
poles were available for early shipment. 
Poles 60 feet in length were purchased and 
were made to serve the purposes of 65-foot 
poles by installing latticed steel-chan¬ 
nel extensions on the tops of each of the 
poles of the two-pole structures. 

The top of the steel-pole extension and 
the end of the crossarm were connected 
through a tension member, and the tops 
of the extensions were in turn tied to¬ 
gether by means of one-half-inch Siemens- 
Martin strand. Formed channel bayo¬ 
nets were bolted to the steel-pole exten¬ 
sions to support the overhead ground 
' wires, 

The structure was strengthened by 
means of a X-brace assembly consisting of 
3- by 10-inch timbers and 3- by 6-inch 
timbers, and an AT-brace consisting of two 
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Figure 1. Type-/4 tangent structure 


•one-half-inch Siemens-Martin strands in 
the lower section. Each joint was care¬ 
fully designed and assembled with bolts 
and timber connectors in an effort to at¬ 
tain complete rigidity of the structure in 
the direction of transverse wind loads. 

Structure Types 

Two circuits were built on a single 
right of way 250 feet in width, and center 
lines of structures of the two circuits were 
spaced 100 feet. Guying was so arranged 
that all guy stub poles and anchors were 
within the limits of the right of way. 

The type-A tangent structure, shown 
in Figure 1, was installed at all normal 
tangent positions in the line and for 
small angle positions, guyed and unguyed, 
depending upon the angles of the line! 
The maximum angle with which this type 
of structure could be used was approxi¬ 
mately three degrees. The point of 
minimum strength in the type-A struc¬ 



ture 2. Type-B angle structure 
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ture is at the upper point of connection of 
the AT-brace to the pole. For this reason, 
additional strength could not be obtained 
by guying from this point or from points 
lower on the structures. Therefore, guy¬ 
ing at slight angles was accomplished by 
connecting to the end of the crossarm 
and extending the guy horizontally to a 
stub pole, then to the anchor connection 
at the usual angle. A wood strain insula¬ 
tor was installed in the horizontal guy be¬ 
tween the crossarm and the stub pole in 
order to maintain the insulation level of 
the line. To provide transverse support 
for the overhead ground wires, a second 
guy was connected to the overhead 
ground-wire attachment on the bayonet. 
The two bayonets were connected hori¬ 
zontally by means of one-half-inch Sie¬ 
mens-Martin strand. Since pole ground 
wires were not installed on poles of guyed 
structures of any type, the overhead 
ground wires were connected to earth at 
such structure locations by means of the 
guy strands and anchor rods. Guys for 
type-,4 structures were installed on one 
side for small angles in the line and, simi¬ 
larly, on both sides for structures sup¬ 
porting long spans. 

The type-5 structure, shown in Figure 
2, is a variant of the type A in that the 
crossarm was offset two feet, and angle 
brackets were added in order to provide 
desired conductor clearances at angles in 
the line up to approximately eight de¬ 
grees. Type-A structures were guyed 
also in the same manner as shown in this 
illustration. In relatively level sections 
of the right of way type-A and type-5 
structures were assembled on the ground 
and erected by means of special equip¬ 
ment shown in Figure 6. In rugged and 
hilly sections the use of this equipment 
was not feasible or economical. In these 
sections arms, braces, and all fittings 
were installed by means of hoisting 
equipment after poles had been installed. 

The type-C structure, shown in Figure 
3, is a braced and guyed angle suspension 
structure and was installed at positions 
where the line angle was between approxi¬ 
mately 8 degrees and 25 degrees. The 
type-C structure is conventional, though 
enlarged for 230-kv operation, except 
that 12,000-pound wood strain insulators 
were installed as tension members to 
transmit overturning stresses from the 
tops of the unguyed poles to the guys. 

Dead-end structures, referred to as 
type 5, and shown in Figure 4, were in¬ 
stalled for long spans, at line terminals, 
and at locations where the line angle ex¬ 
ceeded approximately 25 degrees. At 
angle positions guys of sufficient strength 
to withstand maximum tensions of con- 
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Figure 3. Type-C angle structure 


ductors and overhead ground wires were 
installed on both sides of the structures 
and in line with conductors and overhead 
ground wires, except that the overhead 
ground wire inside the angle at such posi¬ 
tions was installed in suspension and 
held in place by one guy to the top of the 
guyed pole at the opposite side of the 
structure. This was done to avoid the 
use of stub poles and overhead guys. At 
tangent locations conductors were guyed 
in the same manner. In order to maintain 
clearances between conductors and over¬ 
head ground-wire guys at tangent loca¬ 
tions, guys were installed in vertical 
planes displaced 45 degrees from the 
vertical planes of the conductors, and 
pole tops were connected together by 
means of one-half-incli Siemens-Martin 
strand in order to balance guying stresses. 

Two sets of transposition structures 
were installed in each circuit to provide 
one complete barrel to balance the elec¬ 
trical characteristics of the three phases. 
Type-5 structures were installed for this 
purpose, and are as shown in Figure 5. 

At two locations it was necessary to 
cross high-voltage tower transmission 
lines of the power company operating in 
the area in which these lines were built. 
Crossing spans were supported in each 
case by type-A structures using 100-, 



Figure 4. Type-D dead-end structure 
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Figure 5. Type-F transposition structure 


105-, and 110-foot pine poles. These 
structures were supported in all direc¬ 
tions by means of sets of guys attached 
at the level of the horizontal braces and 
at points midway between these attach¬ 
ments and ground. Two spans away in 
each direction from the crossing spans, 
dead-end structures of normal height were 
installed, conductor heights having been 
graded down by the installation of poles of 
moderate lengths for the intermediate 
structures. 

Guyed structures were installed as re¬ 
quired by the rugged terrain and may be 
round at frequent intervals. Storm 
guyed and stabilizing structures as such 
were not used. The longitudinal strength 
of the assembled arm used in the type-^4 
structure is such as to equal the unguyed 
strength of the supporting poles. The 
effect of one broken conductor is to deflect 
torsionally the whole structure, which de¬ 
flection is resisted and limited by the re¬ 
maining unbroken conductors and over¬ 
head ground wires. The overhead 
ground-wire bayonets bend under this 
condition, and the tops of the suspension 
insulator strings, moving, permit rotation 
of the crossarm in the horizontal plane. 
The conductor tension on the side of the 
structure opposite the break is relieved as 
well by the displacement of the insulator 
string, approximately eight feet in length, 
attached to the broken conductor. 

Grounding 

Overhead ground wires were connected 
to earth at all unguyed structures by 
means of pole ground wires and helical 


coils installed on each pole of the struc¬ 
tures. Pole ground wires and helices were 
installed on every guy stub pole, and 
overhead ground wires were connected to 
earth through guy strands and these pole 
ground wires. Where stub poles were not 
required, the overhead ground wires were 
connected to earth by means of guy 
strands and anchor rods. Helical-coil 
grounds were installed on the butts of all 
poles, and, where pole ground wires were 
not installed, grounding conductors were 
extended from the butts of the poles to 
within a few inches below the ground line. 
Time did not permit the installation of an 
adequate grounding system during the 
construction period, though ground coils 
were installed for use as parts of that sys¬ 
tem, to be installed later. Wood strain 
insulators were installed in all conductor 
guys. The ungrounded ends of all these 
guys and all adjacent hardware were se¬ 
curely bonded to the insulator attach¬ 
ments to prevent possible charring of 
wood and radio interference. 

Counterpoise 

During the construction period and 
before the conductors and overhead 
ground wires were installed, resistances to 
earth of type-H-structure ground installa¬ 
tions were measured. In this way a com¬ 
plete survey was made of ground resist¬ 
ances throughout the whole length of the 
line. A counterpoise system based upon 
this survey was designed and installed 
immediately following completion of the 
overhead construction. 

In sections of the line where resistances 
were 30 ohms or less, no counterpoise 
conductors were installed. In sections 
where ground resistances were highest, 
approximately 750 ohms, four conductors 
were installed along the right of way and 
parallel to its center line. Counterpoise 
systems of three, two, and one conductor, 
according to measured resistances, were 
installed in other sections of the line. 
Solid galvanized-iron conductors of size 
5 Birmingham gauge were buried by 
means of cable-laying plows to depths of 
18 inches. Cross connections were in¬ 
stalled to connect together all counter¬ 
poise conductors and all existing structure 
ground installations. 

At all dead-end and guyed structures, 
all grounds, which included anchor rods 
and helical-coil grounds were connected 
together 'to form special low-resistance 
grids, which were, in turn, connected to 
the counterpoise conductors by means of 
cross connections. The entire overhead 
ground-wire system then had been con¬ 
nected to the counterpoise system by 


Type of construction.Single-circuit wood pole 

braced, U-frame with 
bayonet extensions 

Operating voltage (de¬ 
sign)..230 kv 

Total miles of line.158 

Right of way width.250 feet 

Horizontal separation 
between center lines 
of circuits on same 

right of way.100 f eet 

Level ground span ...... 520 feet 

Average span.500 feet 

Maximum span.1,300 feet 

Poles (kind and class)-Southern yellow pme, 

western red cedar, and 
Douglas fir, Class 2 

Treatment.Western red cedar, butts 

only; others, 8 pounds 
full pressure creosote 

Normal pole length.60 feet 

Conductor and pole 

separation.24 feet 

Crossarms.Fir timbers, spliced, 50 

feet over-all 

Pole ground wires.Solid copper number 4 

American wire gauge 

Minimum ground clear¬ 
ance .32 feet 

Minimum clearance to 


structure.86 inches, 76 inches to 

wood members 

Loading class.National Electrical 

Safety Code, Fourth 
Edition—heavy 

Conductors.Hollow design, 1.1 inches 

diameter, 500,000 cir¬ 
cular mils 

Overhead ground wires . . . Three number 5 copper- 
covered steel strand 30 
per cent conductivity 

Conductor tension.. 9,000 pounds (41.5 per 

(maximum) cent of ultimate 

strength) 

Ground-wire tension. . 4,300 pounds (36 per cent 
(maximum) of ultimate strength) 

Insulators.Spaced 5*/< inches, 15,000 

pounds combined me¬ 
chanical and electrical 
strength 


Suspension insulator 

assemblies.Single strings, 15 units 

Strain insulator 

assemblies.Double strings, 17 units 

Counterpoise.One to four conductors as 

required 

Counterpoise conduc-. .Solid galvanized iron 
tors 0.22-inch diameter 

Line construction 

started.February 15, 1942 

Line construction com¬ 
pleted.July 3, 1942 

Counterpoise installa¬ 
tion completed.November 20, 1942 

means of pole ground wires of the unguyed 
structures and the overhead ground-wire 
guys of the guyed structures. 


Total Insulation 

The normal impulse flashover voltage 
(l 1 / 2 x40-microsecond negative wave) of 
conductors to ground of all suspension 
structures is 2,425 kv, which insulation is 
obtained by means of 15 suspension in¬ 
sulators spaced 5 3 A inches and a wood 
strain insulator equipped with a flash 
gap of five feet, in series between con¬ 
ductor and ground. The impulse flash- 
over voltage from conductors to pole 
ground wires through air is also 2,425 kv 
approximately. Under conditions of ex¬ 
treme conductor displacement and mini¬ 
mum clearance the impulse flashover 
voltage to ground of these structures is 
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1,500 kv. Impulse level of dead-end 
structures was raised to 2,620 kv by instal¬ 
lation of two additional insulator units. 

Ground-resistance measurements have 
not been made since the counterpoise 
installation was completed, though it is 
believed that the resistance to ground 
of any two adjacent span sections of the 
counterpoise system is not more than 30 
ohms. Under conditions of minimum 
clearance of conductors to ground, cur¬ 
rents of 50,000 amperes through the struc¬ 
ture would be required to cause fiashovers. 
Under normal conditions currents of 
80,000 amperes would be required to pro¬ 
duce flashover conditions. Less than one 
interruption per 100 miles of circuit per 
year is expected. 

Conclusion 

Circumstances which included an un¬ 
favorable season for outdoor construc¬ 
tion and an extremely short construction 
schedule did not favor economical con¬ 
struction. Construction costs of these 
lines are not indicative of results that can 
be obtained under normal conditions. It 
is believed, however, that favorable costs 
can be obtained with wood construction 


for single-circuit 230-kv lines, though 
proof of this is not available at this time. 

Time required for a thorough engineer¬ 
ing study of the subject of 230-kv wood- 
pole line design was not available. The 
primary objective was to build a work¬ 
able line within the shortest possible 
time and under circumstances which were 
adverse in many respects. Engineering 
studies, continued since construction 
work has been completed, suggest changes 


in details but indicate that the fundamen¬ 
tal design is correct. 

Wood construction for 230-kv trans¬ 
mission lines appears to be as practicable 
as for lower-voltage lines. Though steel 
may be available for construction of fu¬ 
ture 230-kv lines, it is believed that, in 
the interest of economy and improved 
operation, consideration should be given 
and further studies made regarding the 
use of wood supporting structures. 
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Synopsis: High-voltage transmission lines, 
when de-energized by conventional oil cir¬ 
cuit breakers, are often subjected to higli- 
voltage surges which present a real hazard 
to terminal equipment. The mechanism of 
surge generation is initiated by circuit- 
breaker restriking phenomena which are 
encouraged by the interruption of the large 
leading currents required to charge moder¬ 
ate and high-voltage lines. By interposing 
suitable resistors across the interrupting 
elements during the opening stroke of the 
breaker, the switching overvoltages may be 
either eliminated by preventing restriking 
or so reduced in magnitude in the event of 
restriking that the system is relieved of their 
hazard. The development of this achieve¬ 
ment is presented chronologically: 

1. Theoretical considerations 

2. Transient-analyzer studies 

3. Power-laboratory switching tests 

4. Actual field tests on the 220-kv lines of Southern 
California Edison Company Ltd. at Boulder power 
plant 


! T has been recognized for many years 
that some of the most severe switch¬ 
ing surges encountered in the field are 
those which attend the interruption of 
line charging current. Tests on miniature 
systems have indicated that transient 
voltages of the order of six or seven times 
normal line-to-neutral crest may be ob¬ 
tained during such switching, 1-3 Field 
data, in general, substantiate such pre¬ 
dictions. 

In this paper a specific problem of high 
transient switching voltages on the 220-kv 
lines of the Southern California Edison 
Company Ltd. is discussed. The particu¬ 
lar line which was being subjected to 
these overvoltages was initially operated 
as a single line with three ground-fault 
neutralizer coils located at Boulder 
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power plant, at Barre substation, and 
at Chino substation. 4 At the present 
time another line is in service, and both 
lines are normally bussed at Boulder 
power plant and operated as part of the 
extensive 220-kv solidly grounded sys¬ 
tem. After diagnosing the symptoms 
from a theoretical standpoint, a complete 
analysis was made, using the transient 
analyzer to determine the possible magni¬ 
tudes of switching overvoltages under 
various possible system-operating condi¬ 
tions. Various means of subduing these 
overvoltages were carefully considered, 
drawing on experience in related fields, 
and it was concluded that equipping the 
circuit breakers with internal resistors 
of the proper ohmic value afforded the 
best solution. 

The paper presents the story of this 
development starting from theoretical 
considerations. Some results of analyti¬ 
cal studies are presented as well as power- 
laboratory test results. A large portion 
of the paper is devoted to the field testing 
at Boulder power plant and interpreting 
the results obtained. 

The effectiveness of the method de¬ 
scribed in controlling the switching over¬ 
voltage hazard is significant, not only 
from the circuit breaker standpoint, but 
from the arrester, relaying, and over-all 
system-operating standpoint as well, 
since lines and terminal equipment are 
freed from the possibility of being sub¬ 
jected to destructive switching over¬ 
voltages, regardless of the method of 
system neutral grounding. 

Conclusions 

1. Transient overvoltages due to switching 
can be reduced to harmless values by equip¬ 
ping the circuit-breaker interrupters with 
internal resistors of the proper ohmic value 
(see Figure 11). 

2. While it has been previously recom¬ 
mended that the ground-fault neutralizer 
be short-circuited during switching opera¬ 
tions at these high operating voltages, 
these,tests show conclusively that this short- 
circuiting operation is not necessary when 
the breaker is equipped with such resistors. 

3. From the standpoint of the magnitude 
of switching overvoltages, it makes no prac¬ 
tical difference whether the system is in 
tune with the neutral reactance or not when 


switching is done by means of breakers 
equipped with such resistors. 

4. Holding the transient switching volt¬ 
ages to moderate levels reduces the arrester 
duty to that of discharging lightning surges 
alone, thus minimizing arrester operations. 

5.. When interrupting fault currents, oil cir¬ 
cuit breakers equipped with such resistors 
experience reduced power arcing as a result 
of the reduced rate of rise of recovery volt¬ 
age (see Figure 8). 

6. The major results of the tests at Boulder 
power plant confirm earlier conclusions 
reached through theoretical approach fol¬ 
lowed by a complete transient-analyzer 
study and power-laboratory tests. 

Theoretical Considerations 

Since the phenomena of the interrup¬ 
tion of leading (capacitive) currents at 
power-system voltages are encountered 
when de-energizing (1) transmission lines, 
(2) cables, £jind (3) capacitor banks 6 (see 
Figure 1), it should prove profitable to 
review the fundamental nature of the 
phenomena in order to grasp a working 
knowledge of the problems. In so doing, 
it will be compared in its essential differ¬ 
ences with the interruption of lagging 
(inductive) currents of the short circuit. 
Terms and concepts will be revealed in 
this section. The study of this section 
however is not imperative to the knowl¬ 
edge of the results of the paper. 

From the outset, a group of extremely 
contrasting relations arise. First the 
lagging current of the short circuit deals 
primarily with heavy currents which 
approximate the full interrupting rating 
of the breaker. All leading currents, 
however, are relatively small, and, con¬ 
sequently, the light current character¬ 
istics of the breaker are involved. In 
the tank-type oil breakers these differ¬ 
ences are largely hydraulic, the inter¬ 
rupters being designed to do their most 
effective work at heavy currents. Hence 
the interruption of any leading currents 
by the tank-type breakers does not profit 
by the insulating characteristic provided 
by the most effective oil-blast action. 
Circuit differences are so great, however, 
that the above features become of second¬ 
ary importance. 

Ti-ie Inductive Interruption 

A representative interruption of the 
inductive current is shown in Figure 2. 
Here, following contact separation, at¬ 
tempts at interruption occur at the first 
two current zeros. Each time the arc 
was rekindled by the rapid rise of re¬ 
covery voltage across the breaker, ap¬ 
proaching twice normal crest in a matter 
of microseconds. With the rekindling of 
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Figure 1 . Principal circuit conditions which 
may give rise to overvoltages of the type 
described in this paper 

the arc, the accumulated circuit effects are 
completely liquidated at each current 
zero, and the current continues anew, 
as if nothing had happened, to repeat the 
attempt at the next current zero under 
more favorable conditions of contact 
parting and gap insulation. The char¬ 
acteristic of liquidating all accumulated 
debts at each current zero is a desirable 
property of the inductive circuit. 

The Capacitive Interruption 2,6 

When the first current zero in the arc 
arrives in the passage of a leading current, 
interruption occurs quite easily. This 
comes about since the capacitive load 
retains the instantaneous voltage of the 
source at the instant of current zero, and 
for several hundred microseconds follow¬ 
ing there is little or no voltage across the 
breaker. The breaker thus mirrors an 
overconfident attitude in its ability to 
interrupt the circuit with the extremely 
small contact separation associated with 
the first current zero in the arc. All 
debts have not been liquidated, however, 
as one-half cycle later (see Figure 3) the 
bus voltage has reversed, and approxi¬ 
mately double voltage thus appears 
across the breaker. If the breaker passes 
this peak without restriking , as does hap¬ 
pen at limited kilovolt-amperes (short 
lines), then the confidence is justified, 
and no disturbance occurs. At higher 
kilovolt-amperes, however, when the arc 
develops more disturbance, the short 
arc gap cannot withstand the double 
voltage, and restriking occurs. At the 
time of restriking, the capacitor finds 
itself in the embarrassing position of 
being charged opposite to the desires of 
the bus voltage. In its eagerness to ad¬ 
just the situation, a flow of current occurs 
which must be limited by the inductance 
of the circuit and, in good oscillatory 
style, permits the voltage to overshoot 


its mark by the initial difference. In 
this manner the voltage reaches minus 
3 E at the exact instant that the transient 
current passes through zero. 

From this point two possibilities of 
major interest arise (Figure 3), namely: 

(a) . Interruption of the high-frequency cur¬ 
rent at the first current zero (case 1). 

( b ) . Continuation of the high-frequency 
current, permitting it to die away, resulting 
in the re-establishment of the normal fre¬ 
quency capacitor current (case 2). 

If the latter occurs, then interruption 
will again take place at the next current 
zero of the normal frequency current 
which is just one cycle after the first 
current zero in the arc. By this time the 
gap insulation will have increased, and 
subsequent restriking is usually avoided; 
hence final interruption is achieved. In 
this case the voltage to ground may rise 
to only three times normal crest on a 
single-phase basis. If on the other hand, 
the breaker permits the interruption of 
the high-frequency current at the first 
current zero following restrike, then the 
capacitor or line remains charged to as 
high as three times normal voltage crest. 
Then one-half cycle later, when the bus 
voltage again reverses, it permits a maxi¬ 
mum of four times normal voltage to 
appear across the gap insulation. Sub¬ 
sequent restriking usually can be ex¬ 
pected under these very severe conditions. 
In this manner voltages up to insulation 
breakdown values can be generated. The 
reduction of these overvoltages is the 
subject of this paper. 

The above rough analysis of the inter¬ 
ruption of the capacitive circuit, although 
more descriptive for the capacitor, ap¬ 
plies equally well for the distributed case 
of the long open-circuited high-voltage 
line or cable. Here the voltage oscilla¬ 
tions are more square-topped because of 
the traveling wave property of the load. 
As the line, for example, remains charged 
at the crest value of the voltage with the 
early interruption of charging current, 
double voltage then appears across the 


breaker with the reversal of the source 
voltage. If restriking occurs at the peak 
of this reversal, a voltage wave equal to 
the difference, or twice normal voltage 
crest, travels down the line to establish a 
charge equal and opposite to the initial 
trapped charge. The breaker current 
associated with this restrike is equal to 
the voltage of the traveling wave divided 
by the surge impedance of the line, about 
500 ohms. When these waves reach the 
far end of the open line, the voltage wave 
reflects without change of sign to sweep 
back to the breaker, establishing a 
charge of approximately three times nor¬ 
mal voltage crest. The accompanying 
current wave, however, reflects with 
change of sign to cancel the forward wave 
current. Hence current zero literally 
travels back to the breaker. When it 
arrives, the breaker arc is usually ex¬ 
tinguished, thus leaving the line charged 
close to three times normal voltage crest. 
On a 200-mile line the complete round 
trip of such a wave from restrike to cur¬ 
rent zero at the breaker requires about 
2,000 microseconds or about an eighth of 
a sixty-cycle wave. On a 10-mile cable 
the round trip requires about 200 micro¬ 
seconds. 

Resistors 

When resistors of the proper olmiic 
value are placed across the interrupting 
elements in the breaker, they function to 
reduce the probability of restriking by 
allowing the voltage on the load side to 
follow more closely the voltage of the 
source (see Figure 4). The resistors not 
only reduce the net voltage across the 
breaker but also act to distribute this 
voltage more equally within the breaker, 
thus lowering the maximum voltage per 
break which in turn further reduces the 
probability of restriking. It follows that 
should restriking occur (see Figure 4, 
case II), the net voltage difference (which 
defines the amplitude of the voltage 
oscillation about the generated voltage) 
is reduced, and hence the peak voltage 
to ground is lowered accordingly. To 
this reduction should be added the addi¬ 
tional lowering of the peak voltage 
afforded by the damping attributable 
to the resistor. The combination of 
these several effects 

1. Makes possible a higher capacitance 
kilovolt-amperes that may be switched with 
a given breaker without restriking. 

2. Reduces the hazards of restriking in the 
kilovolt-amperes region where restriking is 
more probable. 

The first of these advantages is the pri¬ 
mary objective of the addition of resistors 
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Figure 2. Typical interruption of an inductive short circuit showing 
arc rekindling at early current zeros 

Compare with the interruption of the capacitive circuit shown in Figure 3 
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to breakers required to interrupt heavy 
capacitive kilovolt-amperes. 

The resistor current is interrupted 
within the breaker as a plain-break inter¬ 
ruption, care being taken that the resistor 
is so proportioned that the voltage surge 
associated with this final interruption 
does not exceed twice normal leg voltage 
crest. The design and arrangement of 
the resistor will be discussed later in the 
paper. 

Transient-Analyzer Results 

In order to make a thorough analysis 
of the effectiveness of shunt resistors in 
reducing the magnitude of switching 
surges, the transient analyzer 6 was used. 
The system studied in connection with 
this specific problem is shown in Figure 5. 
This miniature system is an approximate 
reproduction of the actual system at 
Boulder power plant on which the final 
field-test data were obtained. 

By means of a synchronous switch 
which has been previously described, 6 
each phase could be switched in sequence, 
or restrikes could be imposed in any one 
phase during the clearing process. 

Oscillograms of such restriking are 
shown in Figure 6a for the first phase to 
clear with the system neutral solidly 
grounded. Voltages across the switch 
contacts axe shown to reach values be¬ 
tween four and five times normal line-to- 
neutral crest with two restrikes without 
resistors. When resistors are used (4,600 
oliras in this case), these voltages are 
substantially reduced, as shown by other 
oscillograms in the same figure. 

Line voltages to ground are also shown 
in Figure 6b. It is evident from these 


oscillograms that the shunt resistors are 
effective in 

1. Reducing the a-c voltage on a line being 
switched out before the final break is com¬ 
pleted. 

2. Reducing the d-c voltage left on a line. 

Bus voltages to ground are shown in 
Figure 6c. With no restriking, the bus 
voltage at the source is seen to drop 
noticeably because of the interruption of 
leading current. However, if restriking 
takes place, rapid changes in bus voltage 
can occur which may reach relatively 
high magnitudes as shown. Voltages on 
the bus side may be considerably higher 
than these if the neutral impedance is 
high. 


— 3E m - 

Figure 3. Capacitive circuit interruption 
which shows a breaker-restriking phenomenon 
together with two possibilities of eventual 
interruption 

This figure with the modification shown in 
Figure 4 is the theme of this paper 

A representative indication of the 
severity of overvoltages is the voltage 
across the breaker contacts during inter¬ 
ruption. Therefore, the generalized 

Figure 4. Typical capacitive circuit inter¬ 
ruption when resistors of proper ohmic value 
are inserted in the circuit during the inter¬ 
rupting period 

Compare with Figure 3 
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Figure 5. Miniature 
system studied with 
the transient analyzer 
the results of which 
are shown in Figure 6 


curves of Figure 7 show this voltage as a 
function of the amount of shunting re¬ 
sistance R for various system conditions. 
It appears from these curves that there is 
no particularly critical value of shunt 
resistance required, but that any value of 
the order of 2,000 to 4,000 ohms would 
accomplish a very substantial reduction 
in overvoltage severity, regardless of the 
method of system grounding and for 
any phase to clear, that is, whether it is 
the first, second, or last phase to clear. 

It can be shown that the effectiveness 
of a shunt resistor used in this manner de¬ 
pends upon the length of line. If a re¬ 
sistor is selected on the basis of sufficiently 
reducing transient overvoltages for the 
longest line that a given breaker is likely 
to be called upon to interrupt, then that 
resistor should be even more effective in 
reducing transient switching voltages for 
shorter lines, although the surge asso¬ 
ciated with the interruption of resistor 
current is likely to be slightly increased. 

Laboratory Tests 

The transient-analyzer solutions cover¬ 
ing a wide range of probable circuit and 
breaker characteristics made another 
valuable contribution to the study by 
indicating 

1. Critical circuit constants to be investi¬ 
gated. 

2. The value, of resistors which should 
prove most helpful in reducing overvoltages. 

This information reduced the number of 
laboratory tests necessary, but even so 
over 400 tests were made in the power 
laboratory at Schenectady. However, 
the analyzer cannot indicate the re¬ 
striking characteristics of the breaker, 
and hence power tests are essential. A 
study of the analyzer data indicated 
that, under the adopted assumptions 
with respect to breaker performance, a 
resistance between 2,000 and 4,000 ohms 
would be successful in holding the over¬ 
voltages, because of restriking, between 1.9 
and 3.2 times normal over a practical 
range of circuit constants (including 
presence of ground-fault neutralizer). 

Resistor designs were made up covering 
this range with the thermal requirements 


both on closing and opening under the 
worst field conditions in mind. The most 
satisfactory compromise, considering all 
factors, indicated a total resistance of 
3,000 ohms per phase. Each resistor con¬ 
sists of a helically wound resistance wire 
which in turn is helically wound onaHerk- 
olite tube. This winding is protected by 
an outer tube as shown in Figure 9. One 
resistor is connected in parallel with 
each interrupter as shown schematically 
in Figure 10. As the breaker opens, the 
power arc is interrupted in the inter¬ 
rupting elements, thus throwing the re¬ 
sistors (1,500 ohms apiece) in series with 
the line. As the crosshead (Figure 10) 
leaves the interrupting elements, the 
small unity power-factor resistor current 
is drawn as an arc between the external 
contacts and interrupted under plain- 
break conditions with a minimum of dis¬ 
turbance. The resistor also enters the 
circuit first when closing the breaker. 

Leading current tests in the power 
laboratory were made by switching 
various banks of capacitors with a 230-kv 
oil circuit breaker, equipped with resistors 
as described above. Numerous tests were 
made also without resistors, although 
they were limited because of frequent 
arrester operations. Although the capac¬ 
itor banks do not afford the traveling- 
wave phenomena associated with the 
long line, the switching problem is similar 
in all major respects. Therefore, the 
information obtained is applicable di¬ 
rectly to the long line problem. The 
laboratory tests without resistors in the 
breaker did not reveal the true maximum 
voltages as protective arrester operations 
were encountered in many cases. The 
results of these tests demonstrated the 
ability of such resistors to hold switching 
overvoltages to very safe levels. This 
was particularly noticeable by the ab¬ 
sence of arrester operations during tests 
in which the resistors were b employed. 
Following the leading kilovolt-ampere tests 
the breaker, equipped with resistors, was 
tested on short-circuit interrupting duty 

1. To test the mechanical features of the 
resistor element. 

2. To observe the effect of the lower re¬ 
covery rate; contributed by the resistor, on 
the arc duration. 



A2 


Figure 6. Transient-analyzer oscillograms 
illustrating the phenomenon of line-charging 
current interruption with and without shunting 
resistor in the miniature system of Figure 5 

The ordinate is times normal line-to-neutral 
crest voltage 

Numbers on oscillograms show number of re- 
strikes in each instance 

A. Voltage across the swilch in phase a 
A 1. No shunting resistor 

A9.> 4,600 ohms shunting resistor 

B. Line-to-ground voltage on line side of 

switch in phase a 

51. No shunting resistor 

52. 4,600 ohms shunting resistor 

C. Line-to-ground voltage on source side 
of switch in phase a. No shunting resistor 


Figure 8 shows the observed reduction in 
arcing time afforded by the reduced re¬ 
covery rate. Breaker disturbance, con¬ 
tact burning, and oil carbonization tire 
also reduced. The success of these tests 
led to the desirability of field confirmation 
on the Boulder circuits. 

Field Tests 

Such a series ojT.figld tests was made 
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Tabic I. Boulder Power-Plant Line-Dropping Tests—230 Kv 


Test Milep Resis- Neutral 

No. Line tors Reactor 


1A' 
IB 
1 C 
ID 
IE 


132. .. .Out 


Short-circuited 


2A 
2 B 


2C 

2D 

2 E 

3 A 
SB 
3C 

3 D 
SE 

4 A 
4 B 
4 C 
4 D 
4 E 
5A 
SB 
50 

■5D 
5E 
6 A’ 
6 B 
6 C 
6 D 
GE 
82? 
6Cr 



233. . . .Out.Short-circuited 


132. . . .In.Short-circuited 


233.... In.Short-circuited 


132_In.Tap 7, 

233_In.Tap 7. 

233_In.Tap 3. 


7-1 -A\ 
7-1-B t 
7-1-C >. . 
7-1 -Di 
7-1 -E) 

... 132.. 

. .Out. . , 

. . .Short-circuited. 

7-2-A ) 



Tap 9** 

7-2-B f . . 

...132.. 

. .Out. . 

. . .Tap 10**. 

7-2 -C ) 



(Tuned system) 

7 A . 

...132.. 

. . Out. . , 

.. Tap 7. 


Crosshead Travel in Inches 


Maximum Voltages*—Times Normal Crest From Contact Separation to 

-*---Interruption of Last Phase 

Bus-to-Ground Line-to-Ground Across Breaker - 

Circuit —-—-Inside 

Connection A BC ABC ABC Inter- Final Break 

rupters (Stroke =36 Inches) 


2 generators 11.1 ..1.1 ..1.2 ...1.3 ..1.3 ..1.3 ...2.2 ..2.0..2.2 .2 ! /a 


'.1.1 ..1.1 ..1.1 ...1.6 ..1.6 ..1.4 ...2.7 ..2.0..2.6 .2‘A 

(1.1 ..1.1 ..1.0 ...1.6 ..1.3 ..1.6 ...2.4 ..2.2..2.3 .2y 8 

2 generators 11.1 ..1.1 ..1.1 ...1.3 ..1.2 ..1.7 ...2.2 ..2.4..2.5 .2*/h 


U.l ..1.2 ..1.2 ...1.4 ..1.7 ..1.7 ...2.4 ..2.4..2.2 .2»/a 

/I.O ..1.0 ..1.2 ...1.0 ..1.0 ..1.0 ...1.0 .,1.0..1.0_li/s.101 /b 

2 generators 11.0 ..1.0 ..1.1 ...1.0 ..1.0 ..1.0 ...1.0 ..1.0..1.0 _1 . Qi/ 2 

•2d line.<1.0 ..1.0 ..1.2 ...1.0 ..1.0 ..1.0 ...1.0 ..1.0..1.0_li/ 8 . 9 

jl.O ..1.0 ..1.2 ...1.0 ..1.0 ..1.0 ...1.0 ..1.0..1.0 _1 9‘/d 

U-0 ..1.0 ..1.2 ...1.0 .,1.0 ..1.0 ...1.0 ..1.0..1.0 _1 lli/ 2 

! '1.3 ..1.0 ..1.1 ...1.5 ..1.1 ..1.2 ...1.5 ..1.4. .1.0_la/*. 97* 

1.0 ..1.1 ..1.1 ...1.1 ..111 ..1.1 ...1.1 ..1.2..1.3 _li/a. 9i/ 4 

1.1 ..1.1 ..1.6 ...1.3 ..1.1 ..1.6 ...1.4 ..1.1..1.5 _ 11/4 .107a 

1.0 ..1.1 ..1.1 ...1.1 ..1.0 ..1.0 ...1.1 ..1.4..1.0 .... 7a. 874 

1.0 ..1.1 ..1.1 ...1.0 ..1.1 ..1.0 ...1.5 ..1.3..1.1 ....1 87a 

{ 1.6 . .1.6*. .2.0*. . .1.5 ..1.2 ..1.0 ...1.4 ..1.2..1.0_17<.14 

1.7*. .1.4*..1.5*...1.0 ..1.3 ..1.1 ...1.0 ..1.0..1.0 . ... l 3 /8.117a 

1.7 ..1.7 ..1.7*...1.7 ..1.0 ..1.0 ...1.6 ..1.1..1.1 27a.137a 

1.6*. .2.0*. .1.5*. . .1.2 ..1.0 ..1.2 ...1.1 ..1.0..1.0 l’A.1474 

1.9*..1.5 ..1.5*...1.7 ..1.1 ..1.0 ...1.6 ..1.2..1.0_2y 2 .14 

{ 1.6 ..1.6*..1.5 ...1.5 ..1.5 ..1.2 ...1.8 ..1.6..1.3_2>/ 4 .12 : '/4 

1.5 ..1.5 ..1.4*...1.2 ..1.5 ..1.3 ...1.3 ..1.5..1.2 ....2a/ 4 .12Yi 

1.4 ..1.7 ..1.4 ...1.3 ..1.4 ..1.3 ...1.2 ..1.5. .1.2 ....274.117a 

2.0 . .2.0*. .1.4*. . .1.6 ..1.0 ..1.0 ...1.5 ..1.4..1.0 ....274.127a 

1.4*..2.0 ..1.6 ...1.1 ..1.7 ..1.0 ...1.3 ..1.6..1.2 _ 274 .10y 2 

.1 generator.fl.l ..1.6 ..1.4*...1.2 ..1.4 ..1.3 ...1.5 ..1.4..1.3 ....27a.11V* 

11.2*..1.6 ..1.7 ...1.1 ..1.6 ..1.5 ...1.4 ..1.5..1.4 ....27s.liy 8 . 

{ 1.1 ..1.1 ..2.0 ...1.1 ..1.1 ..1.7 ...1.1 ..1.9..2.7 . 27 a 

1.1 ..2.0 ..1.9 ...1.1 ..2.0 ..1.9 ...1.6 ..2.6..2.4 .37a 

1.2 ..1.3 ..2.1 ...1.2 ..1.5 ..1.7 ...2.0 .,.2.3..2.6 .3Va 

1.2 ..1.4 ..1.5 ...1.1 ..1.2 ..1.1 ...1.5 ..2.1..1.8 .3 

1.3 ..1.2 ..1.2 ...1.3 ..1.1 ..1.3 ...1.6 ..1.9..2.3 .27« 

(2.4 ..2.2 ..2.2 ...1.8 ..2.0 ..2.7+...2.1 ..2.9..3.2*. 474 

1 generator.^3.6 . .2.8 . .2.7 . . .2.4*. . 1.6 ..1.6 + .. .3.5*. .3.2. .4.3 1 .5 

(2.6 ..2.3 ..2.2 ...1.6 ..1.6 ..2.1*...2,2 ..3.1..2.4 +.4y 4 

1 generator. 2.9 ..4.4*..3.2 ...2.1 . .4.4*. .3.2*. . .3.3 .4.6*.6 


gr T d rec . or ^ d for b °th the bus and the line side of the breaker include voltages encountered either in the course of the primary inter- 
rnntlnn of mU+n' e interr J lpters or * n tbe cours f of the interruption of resistor current by the external break (see Figure 10). Voltages encountered in the inter- 
are recJd/rfj;™'T ^ mai *? d by a ? as ^nsk. For maximum voltage across the breaker only voltages occurring in the course of the primary interruption 
hv vn1+ftr« d +rt 'tu F b +? ak ® r d ? nng the interruption of resistor current involve no stress on solid insulating material other than that occasioned 

neutral ^ ground on either Slde of the breaker. Voltage across the breaker during the interruption of resistor current never exceeded twice normal line-to- 


+ Readin S affected by flashover in voltage divider. Approximate correction applied. 
** Two reactors were connected in parallel; one on tap 9 and one on tap 10. 



'Figure 7. Effect of breaker resistors in reduc¬ 
ing transient overvoltages during switching 


Voltages shown are the maximum possible 
•across the breaker for two restrikes in the 
phase being switched for any phase to clear, 
that is, first, second, or last 

A —System neutral solidly grounded 
£—System neutral grounded through ground- 
fault neutralizer tuned to 260 miles of line 
C —System neutral grounded through ground- 
fault neutralizer tuned to half (130 miles) of 
the total of 260 miles being switched 


1942, on the 230-kv number 8 oil circuit 
breaker in the switchyard of the Southern 
California Edison Company at Boulder 
power plant. This breaker is a tank- 
type breaker which contains multibreak 
interrupters 7 and has an interrupting 
rating of 2,500,000 kva and an interrupt¬ 
ing time rating of five cycles. The volt¬ 
age-limiting resistors, previously de¬ 
scribed, are mounted on the interrupters 
as shown.in Figures 9 and 10. 

All tests were circuit opening in which 
only the charging current of the con¬ 
nected line (far end open) was inter¬ 
rupted—commonly termed line-dropping 
tests. In this type of interruption, 
leading currents involved are small. 
Thus, within reasonable limits, arcing 
time is no important consideration. 
On the other hand, unless precautions 
are taken, breaker restriking quickly 
generates overvoltages which may be 



Figure 8. Breaker arcing time during the 
interruption of inductive short circuits, showing 
the improvement as a result of reduced re¬ 
covery rates and better internal voltage dis¬ 
tribution brought about by resistors in the 
breaker 

harmful to the breaker itself and to 
other connected equipment. Control of 
these overvoltages was therefore the pri¬ 
mary concern in these tests, and the pur¬ 
pose of the test program was to determine 

1. The nature and magnitude of the over¬ 
voltages under various system conditions. 
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2. The effectiveness of resistors assembled 
in the breaker, in parallel with the inter¬ 
rupters, in reducing these overvoltages to 
harmless values. 

This approach naturally required that 
the line-dropping test program should 
include various practical system condi¬ 
tions with and without resistors in parallel 
with the interrupters. The following 
conditions were subjected to change: 

1. The length of line being disconnected. 

2. The neutral connection. 

3. The nature of the power source. 

Circuit Conditions 

1. In some tests the entire 233-mile line 
to Chino substation was disconnected at 
Boulder power plant; in others only the 
132-mile section to Pisgah substation, 

2. In some tests the neutral was solidly 
grounded; in others it was grounded through 
reactance. Three different values of react¬ 
ance were used; one of these values was 


Figure 9 (left). Gen¬ 
eral Electric multi¬ 
break interrupter 
unit for 230-kv oil 
circuit breaker with 
resistor attached 

Two such interrup¬ 
ters are used per 
pole as shown in 
Figure 10 

Figure 10 (right). 
Schematic diagram 
showing the multi¬ 
break interrupters 
with resistors at¬ 
tached 

The resistor current 
is interrupted in the 
gap formed by the 
external contacts 



that required for tuning as a ground-fault 
neutralizer to the line length being discon¬ 
nected; the other two values, corresponding 
to other neutralizer tap settings, have been 
used to tune the line in conjunction with 
additional reactors at the far end of the line 
and consequently correspond to reactances 
above the tuned value, 

3. In some cases two local generator-trans¬ 
former units were connected to the bus, and 
the remainder of the system was tied in 

Figure 11. Pictorial summary of results of 
oil-circuit-breaker tests made at Boulder power 
plant March 28 and 2 , 9 , 1942 

Comparison of voltages caused by interruption 
of transmission-line charging current. Here 
the overvoltages obtained with and without 
breaker resistors, under various line and 
ground conditions are shown 


through the second line to Chino substation. 
In the others only one generator-transformer 
unit was connected to the bus, and there was 
no tie with the rest of the system. 

Test Results 

A total of ten groups of tests was made 
at Boulder power plant covering practical 
combinations of circuit and breaker ar¬ 
rangement. Table I describes the results 
of these tests with respect to the maximum 
voltages developed and with respect to the 
breaker crosshead travel necessary for 
interruption. The overvoltage record, 
with and without resistors, is presented 
graphically in Figure 11 in such a way 
that the effect of the resistors, of the 
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Figure 12. Comparative cathode- 
ray oscillograms of tests made at 
Boulder power plant when drop¬ 
ping 132 miles of 230-kv line 
with ground-fault neutralizer on 
tap 7 


(a—above). With 3,000 ohms in 
breaker (test 5A in Table I) 

(b—below). Without benefit of 
breaker resistors (test 1A in 
Table I). During this test a 220-kv 
bushing flashed over 

1. Voltage to ground on bus side 

of breaker 

2. Voltage to ground on line 

side of breaker 
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length of line, and of the ground-fault- 
neutralizer tap setting are readily appar¬ 
ent. 

In the course of these field tests, three 
arrester operations were observed, one on 
phase a and two on phase c. These ar¬ 
resters are located near the terminals of 
the 82,500-kva transformer bank at 
Boulder power plant which is about one 
mile from the Southern California Edison 
Company switchyard. These three ar¬ 
rester operations all occurred during the 
tests which used the ground-fault neu¬ 
tralizer and no resistors in the breaker. 
During an earlier series of tests at Boulder 
power plant, at which time the above 
problems were being diagnosed, under 
similar system conditions (with the neu¬ 
tralizer untuned and without resistors in 
the breaker) six lightning-arrester opera¬ 
tions were observed. No arrester opera¬ 
tions were observed, however, for ten 
similar tests made at that time with the 
neutral solidly' grounded. 

The interrupters were completely ex¬ 


amined at four points in the test program. 
There was no damage to the contact or 
insulation parts as a result of any of the 
tests made when the resistors were con¬ 
nected. On the last inspection following 
tests with the ground-fault neutralizer and 
without resistors (during one of which 
tests with the neutralizer untuned the 
breaker flashed over externally), there 
was some damage to the insulation parts 
of the interrupters but not of sufficient 
magnitude to prevent the successful inter¬ 
ruption of the circuit. 

Oscillograph Measurements and 
Records 

A good illustration of the effectiveness 
of internal resistors in reducing transient 
switching overvoltages is shown in the 
cathode-ray oscillograms of Figure 12, 
which places together for easy comparison 
a test with a 3,000-ohm resistor in the 
breaker (Figure 12a) and a duplicate test 
without resistors (12b), These tests are 


numbers 5A and 7^4 respectively (Table 
I), in which 132 miles of line were dropped 
with the ground-fault neutralizer on tap 
7. Figure 12a shows no overvoltages of 
any consequence although there is re¬ 
striking during the clearing period. In 
contrast the restriking associated with 
Figure 12b (no resistors) results in violent 
transient disturbances which were so high 
as to cause sparkover of a protective gap 
in the cathode-ray-oscillograph measuring 
circuit which made it impossible to deter¬ 
mine accurately the actual crest voltage 
obtained. The voltages reached for this 
test, however, were high enough to spark- 
over the 220-kv bushing on the source 
side of the breaker. This would require a 
maximum of 1,050-kv crest, depending 
upon several factors, the most important 
of which are the wave shape of the tran¬ 
sient voltage and the lower humidity, 
both of which would lower the actual 
flashover. 

The oscillograms of Figures 13a and 
13b are the magnetic oscillograph records 
of the same field tests as presented in 
Figure 12, namely tests 5A and 7A respec¬ 
tively of Table I. In Figure 13a the dura¬ 
tion of the unity-power-factor resistor 
current is clearly shown. Characteristic 
restrike current surges are shown in Fig¬ 
ure 13b. Here four separate restrikes 
took place, all of which interrupted with 
the arrival of the first current zero of the 
high-frequency oscillation. Figure 13 also 
exhibits oscillograph measurements of 
phase current, trip coil current, and 
breaker travel. 

Voltage to ground on each side of each 
pole of the test breaker was indicated on 
the cathode-ray oscillograph. The de¬ 
flection plates of this oscillograph were 
energized by means of capacitance po¬ 
tentiometers, the upper section of which 
was furnished by the carrier-current cou¬ 
pling capacitors on the two transmission 
lines. This provided an arrangement 
capable of reproducing satisfactorily volt¬ 
ages of all types from the high-speed 
transients obtained upon a restrike in the 
circuit breaker to the slowly leaking 
charge left on the lines upon final inter¬ 
ruption. 9 The two voltages for each pole 
of the breaker were recorded on parallel 
traces on the same film, so that the voltage 
across the breaker pole could be deter¬ 
mined readily by graphical subtraction. 

Discussion of Results 

Figure 11 shows the effect of the resis¬ 
tors upon the overvoltages attending 
switching. As is indicated by this figure 
three pairs of test groups were taken in 
such a manner that direct comparison can 
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Figure 13. Magnetic oscillograms associated 
with the voltage records of Figure 12 

(d—top). With breaker resistors. Note 
resistor current 

(b—bottom). Without resistors. Four 

separate restrikes occurred on this test of the 
type shown in Figure 3, case I 

be made to show the effect of the resistors. 
In these cases, and also in the other groups 
taken with the resistors connected, the 
voltage was limited to twice normal line- 
to-ground peak or less—both when the 
resistor was being switched in and when 
the resistor current was being interrupted. 
When the resistors were not connected, on 
the other hand, the voltage across the 
breaker reached three times normal with 
the neutral solidly grounded and more 
than four times normal with a neutral re¬ 
actor connected. 

Correspondingly, as shown in Table I, 
the resistors bring about a considerable 
reduction of arc length inside the inter¬ 
rupters as a result of the improved inter¬ 
nal voltage distribution and the improve¬ 
ment in the rate of rise of recovery volt¬ 
age. The residual current which remains 
in the resistors is then interrupted by the 
disconnecting break (formed by the cross¬ 
head, Figure 10) in from about 15 per cent 
to approximately 35 per cent of their 
available break distance. Here also the 


resistors are effective in preventing any 
build-up of voltage beyond the values 
shown in Table I and Figure 11. 

The fact that the resistors produce such 
a substantial reduction in overvoltage 
makes them preferable to other measures, 
since they afford protection thereby to 
other terminal apparatus. Unless the 
breaker is sufficiently positive in action to 
prevent restriking and its associated over¬ 
voltages, therefore, the use of resistors 
appears desirable whenever the length and 
voltage of the lines are such as to give rise 
to trouble of this type. Because of the de¬ 
pendence of this restriking phenomena 
upon so many factors, the most important 
of which is the breaker characteristic, it 
is impossible to indicate here the capaci¬ 
tance kilovolt-amperes where restriking 
can be expected to occur. Tests at 15 lev 
on one manufacturer’s breakers, 5 for ex¬ 
ample, indicated a limit of 10,000 capaci¬ 
tive kilovolt-amperes above which over¬ 
voltages could be expected without the 
aid of internal resistors. The 132 miles 
of line dropped, as exhibited in Figures 12 
and 13, represents about 35,000 capaci¬ 
tive kilovolt-amperes. These values can¬ 
not be compared directly with' those 
shown at 15 kv, however, because of the 
wide difference in voltage levels. The 
above makes clear that when small ca¬ 
pacitive kilovolt-amperes are to be inter¬ 


rupted, with standard power breakers 
(short lines or cables, protective capaci¬ 
tors, and so forth), no trouble should be 
expected. 

The operations in all the tests presented 
in this paper were confined to dropping a 
length of open transmission line, but, 
since breaker operation upon all except 
three-phase faults involves dropping at 
least one unfaulted phase conductor, the 
phenomena will be present in practically 
all breaker operations. 

The results of these tests are in good 
qualitative agreement with the results of 
miniature-system tests as regards the 
principal features: 

1. With the untuned neutral reactor, volt¬ 
ages obtained without the resistor were 
much higher than those obtained with the 
neutral solidly grounded. 

2. The resistors brought about a sub¬ 
stantial reduction of voltage in all cases, 
and, the higher the initial overvoltages, the 
greater was the percentage reduction. 

A comparison of the overvoltages ob¬ 
tained for the tuned ground-fault neu¬ 
tralizer with those obtained for the solidly 
grounded system indicates the desirability 
of supplementing miniature test with full- 
scale tests under actual conditions. This 
is emphasized by the fact that the voltages 
associated with test series 7-2 are very 
high, relative to those obtained for test 
series 1, which was the solidly grounded 
case with the same line length. From 
earlier studies, on the other hand, it had 
been concluded on the basis of the tran¬ 
sient-analyzer results that interrupting 
line charging current in a ground-fault- 
neutralizer system is no more difficult 
from a switching standpoint than in the 
same system with neutral solidly 
grounded. The reason for this disagree¬ 
ment apparently lies in the fact that 
surges communicated to one phase by 
clearing or restriking in another were of 
much more importance in the ground- 
fault-neutralizer tests than with the neu¬ 
tral solidly grounded. Not only did this 
have a direct bearing on voltage magni¬ 
tudes, but in a number of cases it ap¬ 
peared to be directly responsible for addi¬ 
tional restrikes which contributed still 
more to the overvoltages. In the grounded 
neutral tests there was never more than 
one restrike which contributed appreci¬ 
ably to the building up of voltage, but 
several times there were two in the 
ground-fault-neutralizer tests. Since the 
miniature-system tests were based on 
the assumption of two restrilces with the 
worst timing, the full-scale grounded- 
neutral tests produced overvoltages con¬ 
siderably lower than predicted. The 
ground-fault-neutralizer overvoltages 
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were about equal to predicted values, the 
loss caused by the fact that the worst 
timing was not realized being approxi¬ 
mately balanced by the increase arising 
from interphase reaction. 
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Keep Them Rolling 

J. W. TEKER 
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T HE electric locomotive of World War 
I days has broadened its usefulness 
to a position of recognized importance 
among the nation’s available motive 
power now so necessary to the successful 
conduct of the present world’s struggle. 

This is largely attributed to the recent 
and swift growth of the Diesel-electric 
locomotive, essentially an electric loco¬ 
motive carrying its own power plant, for 
both road and switching service. 

Barely keeping pace with this new giant 
are the comparatively small but im¬ 
portant groups of skilled men specializing 
in the care of this motive power and com¬ 
prising a new branch of the established 
maintenance and repair department of 
steam railroads. The continued smooth 
and vital operation of transportation 
equipment pushed to its utmost depends 
upon these men; yet even these ranks 
are being thinned to supply the demand 
for skilled men in today’s highly mecha¬ 
nized warfare. 

The conservation of such highly stra¬ 
tegic elements as time, material, and man 
power can find no better application than 
in the field of preventive maintenance. 
Like any preventive measure applied in 
time, it requires the minimum of time, 
effort, and facilities and can be accom¬ 
plished fortunately by men with less train¬ 
ing and skill than the more costly repair 
crew of high skill with necessary shop 
facilities. 

Good generalship on the home front 
demands the application of the engineer¬ 
ing method, based on fundamentals, to 
appreciate the nature of failures and 
then to guide and direct the efforts of 

Paper 43-33, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25—29, 1043. Manuscript submitted 

December 10, 1942; made available for printing 
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avail able man power and facilities not 
only in repair but in the prevention of 
failures. 

It is difficult to expound anything new 
in the field of maintenance, but it is 
possible, and the purpose of this article is 
to point out certain fundamentals under¬ 
lying the most common maintenance 
functions applying to traction motors 
and generators. It is the expectation 
that such a review will stimulate respon¬ 
sible engineers and operators to examine 
and test their own practice in this light 
and establish preventive methods to keep 
the equipment rolling and out of the 
repair shop. 

Supervisors confronted with the loss of 
expert workmen who carry routine 
practices in their heads or with the influx 
of new help must be especially on the 
alert for neglect of preventive mainte¬ 
nance methods and must get close again 
to the job to see that specific standing 
instructions are available and that 
schedules and records are not neglected. 

The neglect of some simple detail by 
one man may start a chain of events to 
culminate in a serious breakdown and 
require an entire crew of men with shop 
facilities already sorely taxed to make 
corrections. The lack of only one-half 
minute’s attention to cleaning a terminal 
may cause the contact surfaces to over¬ 
heat and burn off when most heavily 
loaded, and a motor failure resulting 
when the motor is most needed brings a 
train in late with remaining motors over¬ 
heated. This is sabotage, unintentional 
but effective. 

Lubrication—The Oldest Problem of 
Maintenance 

Lubrication constitutes one of the 
oldest and most common of maintenance 
functions and yet in spite of the available 
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background provides many problems 
ranging from the selection of lubricant 
to the method and frequency of applica¬ 
tion. 

Lubrication of electric traction equip¬ 
ment falls into three divisions, namely, 
sleeve bearings, antifriction bearings, and 
gearing. The basic purpose of lubrication 
in all of these is to separate the moving 
elements from each other by a film of oil 
which must support the entire load on 
these moving parts. Interruption of this 
oil film for any reason immediately allows 
contact between surfaces, and destructive 
wear begins. 

vSlkkve Bicarings and Oil Wicks 

Waste-packed sleeve bearings are com¬ 
mon for truction-niotor-siipport axle 
bearings. Fundamentally the waste 
packing is a wool-yarn oil wick which 
raises oil from the oil well to the journal 
surface through a window in the bearing 
lining. The space between the liglitlv 
packed woolen strands forms small capil¬ 
lary tubes, and it is between these strands 
and not through them that oil rises by 
capillary forces, 

A properly packed bearing consists of 
two distinct parts, each having separate 
functions. The first is the wick portion 
of straight wool yarn placed vertically 
and evenly adjacent to the journal, one 
end extending clown into the oil well and 
the other end left extending out until the 
second portion of the packing is in place. 
The second part is packed tightly in loops 
or folds, the purpose of which is to buck 
up and compact the wick so as to keep 
it against the journal and to create the 
necessary small spaces for capillary 
action. The first portion of the packing, 
left extending, is now tucked securely on 
top of the packing so that the wick 
is able to resist drag in either direction 
of rotation. 

The packing of bearings should be en¬ 
trusted only to men trained and skilled 
in this operation. Fortunately the prin¬ 
ciple is simple, and once understood the 
skill is easily acquired. 

New waste, clean and dry from the 
vendor, may be oil repellent and not cun- 
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ducive to good wick action. Therefore, 
it must be thoroughly oil soaked to insure 
complete wetting of all fibers and then 
drained before packing bearings with it. 

Because of the very nature of wick 
action, it is important to select lubricants 
free from clots of tarry residue and sludge 
to keep from clogging the small capillary 
spaces between the strands and thereby 
restrict the free flow of oil up through the 
wick. 

Winter and summer grades of oil must 
be considered where operation goes 
through the extremes of temperature, 
because an oil of sufficient viscosity to 
maintain an adequate oil film through 
summer operation is not likely to have a 
pour point sufficiently low in the ex¬ 
treme of winter operation to permit its 
flow through the wick to the journal sur- 
face. This invites lubrication failure until 
the heat from the dry bearing raises the 
temperature of the oil to restore flow. 
Meanwhile, wear has taken place in the 
bearing, or destruction occurs before 
lubrication is restored. 

One grade of oil will do only where 
the seasonal temperature variation stays 
within the operating range of the lubri¬ 
cant. This is the subject of individual 
decision, based on local operating condi¬ 
tions, but the underlying fundamental 
remains unchanged. 

When gauging oil level, especially dur¬ 
ing certain seasons of the year, condensa¬ 
tion and water-soaked road beds cause 
accumulation of water in oil wells. The 
measuring stick may give a false indica¬ 
tion of the true amount of oil in the well, 
because it will be wetted by even a small 
layer of oil floating on top of a large ac¬ 
cumulation of water in the well. Periodic 
removal of drain plugs should be called 
for or samples may be obtained from the 
bottom of the well with a glass tube to 
check on water content. 

A Prescription for Lubricating 

Roller Bearings 

Antifriction bearings for supporting 
motor and generator armatures are 
almost universally grease lubricated. 
Roller bearings require a film of oil over 
the highly polished steel surfaces. More 
than this film is excess and leads to many 
known evils attendant with overgreasing. 
A roller-bearing compartment approxi¬ 
mately two-thirds full of grease is ideal. 
This allows space for the grease to be 
thrown clear of the spinning bearing and 
yet provides ample grease reserve. When 
a bearing compartment is too full of 
grease, it is forced into the spinning bear¬ 
ing, and churning of the grease takes 
place, producing excess temperatures, 
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rapid breakdown, and oxidation of the 
grease. The internal pressures built up 
within the bearing compartment under 
these conditions cause the grease to be 
expelled past the bearing seals into the 
motor. 

The grease expelled from the commu¬ 
tator end bearing accumulates under the 
commutator shell and flows back to clog 
armature-core air passages. The re¬ 
stricted flow of ventilating air may in¬ 
crease the temperature of the winding 
dangerously. 

Excess grease, thrown over the inside 
of a motor, accumulates enough dirt to 
initiate electrical failure. The presence 
of grease and oil on the commutator sur¬ 
face is detrimental to the carbon brush 
performance and leads to commutation 
difficulties. 

Since it is difficult, if not impossible, to 
determine the grease content in the bear¬ 
ing housing when greasing from a pit, the 
importance of relying on a correct grease 
schedule is evident. The amount of 
grease added to each bearing and the fre¬ 
quency of application depend upon serv¬ 
ice conditions. It is important that a 
regular greasing schedule should be es¬ 
tablished only after first experimentally 
determining the correct quantity and 
the time interval for the particular service 
requirements. 

Continuous operation at high speed 
such as in streamliner service makes 
greater demands on bearing lubrication 
than slow-speed switching. The life 
of grease is dependent upon temperature, 
and this is dictated by motor duty and 
cab temperatures. General greasing 
recommendations can be made, but these 
must be verified to see that they suit local 
conditions. 

Stubborn arbitrary decisions lead to 
disaster in broken bearings, wrecked 
motors, flat wheels, and delayed trains. 
Only open-minded realism can avert it. 

This is not so difficult to do as it first 
may appear. There are many occasions 
during the course of operation where 
motors are available for removal of bear¬ 
ing caps so that grease content can be 
determined accurately. A few such in¬ 
spections quickly give an accurate pic¬ 
ture of the adequacy of the schedule being 
enforced. Records of such inspections 
supplemented by other checks such as 
excess grease throwing or removing plugs 
and obtaining samples with a hooked 
wire enable operators to keep a “pulse” 
on actual lubrication needs and revise 
greasing schedules correctly. 

Records and schedules must represent 
what is taking place in the greasing pit. 
All efforts may be nullified by carelessness 

Teker—Keep Them Rolling 


and haphazard methods during the greas¬ 
ing operation. It must be known just 
how much grease is being delivered by 
the greasing equipment in use. The extra 
shot, just for good luck, repeated fre¬ 
quently will upset any supervisor’s rec¬ 
ords. 

A desire for a perfect grease is normal 
and healthy, but, before it is released 
with a train, determine which will fail 
first, the motor bearing or the grease. 
Repeated demonstrations have shown 
that overfilled bearings overheat in high¬ 
speed operation, and it is recognized that 
unless greasing schedules are carefully 
controlled, overgreasing is common. 

High-temperature greases are available, 
but the steep temperature rise attendant 
with overgreasing can cause destruction of 
the bearing steel before the breakdown 
temperature of such grease is reached. 
When a grease melts at not over approxi¬ 
mately 150 degrees centigrade, there is 
opportunity for it to escape through the 
labyrinth seals, ease the internal pressure, 
and bring about a reduction in bearing 
temperature before destruction occurs. 
The grease, after such experience, is 
damaged, but the motor remains un¬ 
harmed while the grease may be easily 
renewed. 

Precautions Extending Bearing Life 

Cleanliness is of extreme importance 
in the operational life of the highly 
polished precision-built roller bearings. 
Allowances cannot be made for any con¬ 
dition under which a maintainer may 
have to work. When grit enters the 
bearing, it is helpless to resist its destruc¬ 
tive action. There are no extenuating 
circumstances—dirt must be kept out. 

Caps for grease fittings are available, 
or fittings can be wiped clean before 
applying the grease gun; otherwise grit 
will be forced into the bearing with the 
grease. Grease guns must be filled under 
conditions safeguarded against contami¬ 
nation. 

A check on the tightness of fittings 
and grease pipes is a “must” in the regular 
inspection schedule. A loose pipe clamp 
will allow vibration of the pipe until it 
drops or breaks off, leaving an opening 
directly into the bearing housing for 
entrance of water and dirt. 

The policy of removing motors on a 
mileage basis allows detection of defects 
and application of comparatively simple 
corrective measures which otherwise 
would result in the costly destruction of 
the motor and tie-up of operation. It 
supplies evidence from which errors in 
operation or maintenance can be cor¬ 
rected, whereas inspection after ultimate 
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failure has occurred often finds such help¬ 
ful evidence destroyed. 

This provides opportunity to remove 
hardened grease residue from the bearing 
housing and to measure contents as a 
check on grease schedules. The bearing 
can be cleaned and carefully inspected 
to detect defects such as loose cage rivets, 
excess wear, chipping, and breakdown of 
race or roller surfaces. 

When a defective bearing is found, the 
motor parts involved should be checked 
for alignment. This can be done when 
the motor is reassembled and before 
bearing caps are assembled. An indicator 
clamped to the armature shaft and ' 
rotated so that it bears on the face of the 
outer bearing race will check the align¬ 
ment of the bearing with respect to the 
armature axis. This should be done on 
both commutator and pinion end bear¬ 
ings, together with a check on end play 
and bearing clearance before closing up 
the assembly. Such procedure will 
detect a frame or framehead that may 
have warped from overheating or impact 
and thereby hastened the breakdown of 
the original bearing. This will enable 
corrective measures to be applied before 
the motor is returned to service and thus 
prevent the damage of the replacing 
bearing. 

Lubrication Is Essential to Gearing 

Gearing is probably the least under¬ 
stood mechanism entrusted to mainte¬ 
nance men. Were it generally known 
what effort manufacturers put into the de¬ 
sign, heat treatment, and shaping of each 
tooth to the thousandth of an inch, gear¬ 
ing would receive the respect and atten¬ 
tion it deserves. Few maintenance men 
understand the basic principle underlying 
the operation of involute gearing most 
commonly used for traction application. 
There is a common misconception that 
teeth are shaped so that they may roll 
on each other. Actually, the teeth sur¬ 
faces slide on each other, the roll being 
confined to a very small portion of the 
profile, and the tremendous forces of 
moving a train are transmitted to the 
drivers through this sliding contact be¬ 
tween gear teeth. It is a vital necessity 
to separate this contact by a lubricating 
film; otherwise, destructive wear is sure 
and certain. 

Gear lubricants in common use depend 
upon their adhesiveness to keep the 
tooth covered with a protective load¬ 
carrying film. This stickiness is essential 
as centrifugal force tends to throw the 
lubricant off the teeth. The lubricant is 
renewed as it dips into the quantity con¬ 
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tained at a proper level in the bottom of 
the gear case. The properties of the gear 
compound must be such as to flow readily 
into the path of the rotating gear and yet 
be sticky enough to adhere to the tooth 
surface, and have load carrying ability. 
These properties are affected by tem¬ 
perature. Most compounds do not have 
sufficient range to cover the extremes in 
temperature encountered from summer to 
winter. Careful selection of proper grades 
for winter and summer operation must be 
made where wide temperature variations 
are encountered. The heavy summer 
grade will set up solid at low temperature, 
and the gear will channel through it with¬ 
out being wetted. A winter grade of 
thin lubricant during the heat of summer 
operation will fail to stick to the teeth at 
speed, or at heavy load is too thin to 
separate the gear teeth. 

A few hours of heavy load running 
without adequate lubricant may lead to 
irreparable damage. Gearing will over¬ 
heat and damage the heat treatment of 
the steel. Excess pinion temperature by 
conduction through the armature shaft 
can overheat the roller bearing. The 
unequal expansion of inner and outer 
races, absorbing the internal bearing 
clearance until loaded beyond limits by 
internal radial stress, can cause complete 
destruction of the bearing and frame 
heads, and even destruction of the arma¬ 
ture core when it drops on the field pole 
pieces at high speed, all because of faulty 
gear lubrication. 

A necessary adjunct to gear lubrication 
is the gear case or gear cover. Its two 
functions are to keep the lubricant in and 
to keep foreign material out. The tongue 
and groove joint between upper and lower 
halves, the baffles and seals around axle 
and pinion fit originally installed by the 
manufacturer are seldom maintained. 
This is so discouraging and futile that in 
some designs they are completely omitted. 

Contamination of gear lubricant with 
material picked up from the road bed 
makes an excellent lapping compound 
with no chance for grit to settle out in the 
thick viscous lubricant, and the very ob¬ 
ject of lubrication, to prevent wear, is 
defeated. 

Every time a gear case is dropped for 
wheel change or motor change-out it is 
an opportunity to renew seals, check 
gear teeth'for signs of lubrication failure, 
and take necessary preventive measures. 

Cog Wheels or Gearing: Which? 

Fortunately, gearing has considerable 
power of recovering and after many 
abuses continues to transmit power even 
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after its fundamental tooth profile has 
been destroyed and turned into mere cog 
wheels. Gear teeth seldom fail in service 
but continue to operate until attention is 
arrested by their appalling appearance, 
and the gears are changed out from 
sheer fright. 

Too much attention is centered on the 
strength remaining in worn gear teeth 
from a breakage standpoint with a total 
disregard for the carefully designed 
shape of the tooth profile. There is a 
vast difference between cog wheels and 
gearing. The precise original shape of the 
involute tooth, while not necessarily the 
only possible shape, is to maintain uni¬ 
form angular velocity between gear and 
pinion. Deviation from a proper shape 
for uniform angular motion for any 
reason makes smooth uniform rotation 
between pinion and gear impossible, and 
jerky power transmission begins, at¬ 
tended by severe instantaneous stresses 
and torsional vibration. 

When gear, pinion, and axle linings re¬ 
main mated over a long period, the wear 
is gradually adjusted between the mem¬ 
bers without causing serious deviation 
from normal operation. This may con¬ 
tinue until bearing lining wear effects a 
gradual increase in gear center distance, 
and the gearing may also wear to a depth 
sufficient to produce a step in each tooth 
profile. 

Now, if the gear center distance is 
restored by installing new linings, it is 
evident that the tooth tip will be caused 
to ride alternately up and off the step 
formerly worn into each tooth, and there 
is interference. The same occurs when a 
worn gear or pinion is mated with a new 
one. Tremendous stresses are set up at 
the interference point until the teeth are 
battered into agreement. While this is 
going on, the armature shaft, bearings, 
and the armature winding are enduring 
the punishment of bending and vibratory 
torsional stresses. 

The interdependence between appar¬ 
ently unrelated parts is startling; lubri¬ 
cation failure in gearing or axle linings 
may be followed by a broken armature 
shaft or a grounded armature winding 
resulting from vibratory stresses beyond 
the limits of the construction during the 
breaking-in period of unrelated gearing. 

As soon as operators recognize the 
characteristics of true gearing, they will 
give immediate consideration to such 
practice as keeping gear and pinion 
mated even though the motors them¬ 
selves are changed around. When a 
motor is changed out, the pinion is re¬ 
moved and installed on the ingoing motor, 
thereby keeping the same pinion and gear 
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running together* In order to retain ex¬ 
isting gear center distance, the linings also 
should be removed and installed on the 
ingoing motor. 

When worn gearing must be matched 
with new, or where interference in tooth 
profile may result for any reason, con¬ 
sideration should be given to having the 
worn gearing replaced immediately with 
the same dispatch that worn wheels are 
ruled off the road. Fundamentally the 
question resolves itself into a choice be¬ 
tween the additional miles to be obtained 
from damaged gearing and the punish¬ 
ment being sustained by a costly traction 
motor transmitting its power through 
cog wheels no longer capable of their 
original gearing function. Where arma¬ 
ture failures are frequent, this aspect 
of the problem is worthy of serious study 
in the interests of economy and avail¬ 
ability. 

Present-day facilities for pulling pin¬ 
ions, easily controlled means for heating 
pinions, and the measurement of correct 
advance simplify the pinion-mounting 
operation to such extent that the practice 
of keeping pinions and gears mated is 
simple, quick, and attractive in view of 
the benefit to be gained. 

Precautionary Tactics From the 
Service Pit 

Insulation 

There is much that can be done to 
forestall trouble in motors and generators 
while they are mounted in the locomotive. 
A regular check of insulation resistance 
with a “Megger” when a locomotive 
comes in from a run is a simple and quick 
operation; yec it may detect a defect 
which might result in a ground failure on 
the very next run. 

Make high-potential tests sparingly 
and carefully, preceding them with a 
Megger insulation check; otherwise a 
puncture or creepage failure may result 
from the test which could have been 
avoided by finding first the weak spot 
with the “Megger” and cleaning, drying, 
or repairing locally as necessaiy. 

Brushes and Brush Rigging 

Care must be exercised when installing 
new brushes to prevent the snapping 
down of spring levers with such force as 
to chip or shatter the brush. Careless¬ 
ness in this respect may ruin a brush be¬ 
fore it has a chance to give useful service. 

Install a new brush in such a manner 
that the pigtail is placed on the far side 
of the carbon way away from the side on 
which the pigtail terminal screw is 
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located. This permits an easy loop to be 
made over the brush, with little chance of 
its being bent over the edge of the carbon 
way and thus hang a brush up so as to 
prevent free vertical movement. Where 
pigtails bear against the edge of the 
carbon ways or spring levers, there is 
rapid wear of the individual strands by 
prolonged vibration until.the pigtail is 
cut through and left free to wave about, 
with possibilities for motor flashover or 
ground. 

Dusty operating conditions allow gran¬ 
ules of dirt to collect between brush and 
brush holder carbon way which results 
in causing the brush to stick so that the 
freedom of vertical motion is restricted, 
and the brush does not ride the commuta¬ 
tor properly. This contributes to spark¬ 
ing, flashovers, rapid commutator, and 
brush wear. These granules leave un¬ 
mistakable evidence in the side walls of 
the brush in the form of lightning-shaped 
threadlike grooves, radiating from the 
top to the bottom of the brush where it 
makes contact with the carbon way. 
The correction is to find where and how 
grit enters the equipment and then take 
preventive measures if possible, and to 
slide the brushes frequently in the holders 
and blow the clearance space clear of dirt. 

The screw which secures spring lever 
shunt to brush holder body is worthy of 
careful inspection, being hard to get at 
and commonly overlooked, yet capable 
of serious damage to the motor. When 
this screw works loose and causes poor 
contact between the spring lever shunt 
and the brush holder body, the current 
normally carried by the shunt is caused 
to flow through the brush holder spring 
instead. Under heavy load, this current 
may be of sufficient magnitude to anneal 
the spring and cause loss of spring tension 
on the brush. The failure of the brush 
to maintain contact with the commutator 
causes arcing and overloading of other 
brushes, which ultimately leads to flash¬ 
overs or complete destruction of the 
brush holder by melting off from sus¬ 
tained arcing. The possibility for this 
screw to work loose completely and fall 
onto the commutator where it jams 
against a brush holder and causes a deep 
groove to be cut into the commutator, 
short-circuiting all segments, is more 
serious, making it necessary to cut the 
motor out of service and remove it for 
major repairs. 

Commutators Reveal History of Loco¬ 
motive Handling 

Observation of commutator surface 
appearance is a quick means for sizing 
up the general health of the equipment, 
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and poor appearance is evidence to the 
practiced eye that trouble exists, but it 
is not always so simple to ascertain 
quickly the true cause. Fortunately 
commutators are capable of long suffer¬ 
ing, and like gearing they seldom fail 
suddenly but give ample warning of im¬ 
pending trouble in time to hunt down 
the cause. Poor commutator condition 
does not imply always that the cause is 
within the machine, but may be trace¬ 
able also to external faults or conditions, 
the effects of which reveal themselves on 
the commutator and leave their record 
burned into its surface. 

For instance, it is not uncommon for 
enginemen trained in steam practice to 
stall the locomotive completely, inten¬ 
tionally or forgetfully, for unduly long 
periods with partial power on the motors. 
This is harmless in steam and even good 
practice under some circumstances but is 
capable of extreme damage to the elec¬ 
tric drive. This may occur when a train 
is braked to a stop with power on to keep 
the train slack stretched out for a smooth 
start and then power is not shut off for 
the duration of the stop. Again, a train 
may be held on an inclined spur with 
power on while the train crew look for 
blocks to hold a car so that it can be 
uncoupled from the train. 

Fundamentally, any operation which 
brings a motor to standstill while heavy 
current continues to flow causes intense 
local heating at the point of contact be¬ 
tween brushes and commutator, espe¬ 
cially if brushes are tipped to contact along 
one edge of their face by a slight back¬ 
ward movement of the armature just 
before the full .stop was made. These 
local contact spots when unduly pro¬ 
longed may reach red or white heat and 
anneal the copper commutator segment 
involved and also burn the shellac binder 
in the mica segment or mica commutator 
cone. 

This local damage, varying from one 
overheated bar to as many as four groups 
of bars spaced 90 degrees apart in severe 
cases, does not immediately incapacitate 
a motor. The overheated segment now 
annealed, or the burned mica, lacks the 
necessary strength to keep its position 
under the action of centrifugal force at 
high operating speed and creeps above the 
general commutator bar surface to be¬ 
come a high bar with the attendant mark¬ 
ing and burning of the surface, or the 
shattering of brushes and frequent 
flashovers. 

Such bars may be found near or in the 
telltale burned spots at equally spaced 
intervals 90 or 180 degrees apart, and it 
may be evident by the discoloration at 
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their ends, marking them from the others, 
or they may require searching for with a 
Scleroscope or some equivalent means. 

While it is possible to keep such motors 
in operation by frequent cleaning or 
stoning of the commutator surface, ul¬ 
timately a major repair is necessary to 
remove the annealed bars and patch, or 
to renew mica cones and reassemble with 
new hard bars. 

A closer regular pattern of burned bars, 
especially in generators, traceable to 
external causes, may be brought about by 
the engineman failing to make a back¬ 
ward transfer to the series connection 
upon encountering a grade with a heavy 
train, so that the speed is dragged down, 
and the current of motors in parallel 
connection exceeds the commutation 
ability of the generator and, when pro¬ 
longed, burns the commutator and over¬ 
heats the armature winding. 

A similar commutator condition is also 
possible by the accumulative flashing at 
brushes over a period of time, brought 
about by a delayed transition from series 
to parallel motor connections, in which 
case the control equipment requires at¬ 
tention and adjustment. 

Sluggish reverser operation during 
extremely cold weather, when air-com¬ 
pressor oil condensate may reach reverser 
air cylinders, can cause severe shock to 
the entire transmission apparatus by 
allowing Diesel-engine speed to rise well 
above idling speed before the circuit is 
closed through the reverser contacts. 

Sluggish air brakes may lead to emer¬ 
gency or convenient plugging of motors 
into reverse while the train is still moving 
ahead to effect a quick stop. The magni¬ 
tude of the commutation task under such 
conditions is bound to blast the com¬ 
mutator surface, leaving a wake of 
splattered copper beads and craters in 
the surface to upset the smooth riding of 
the brushes. 

Resurfacing Commutators During 
Layover Time 

There are occasions, whatever may be 
the cause, when locomotive commutators 
require resurfacing in order to continue 
operation. Much of this can be accom¬ 
plished quickly and easily in the locomo¬ 
tive unless the condition is such as to 
justify removal to a repair shop. 

Such resurfacing is commonly done 
with a commutator resurfacing stone 
held by hand or in a tool and applied to 
the commutator, rotating at sufficient 
speed to do a good grinding job. When 
the stone is hand held, it should be large 
enough to permit a maximum arc of 
contact with the surface. This will allow 
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it to ride over the low spots, rather than 
down into these hollows, and thus cut 
the high spots down first and thereby 
tend to produce a cylindrical surface. 
Remove a brush holder when it prevents 
the use of an ample stone size. 

When irregularities are beyond cor¬ 
rection with a hand stone, a rigid tool or 
fixture can be adapted to the special 
needs of the machine to hold the cutting 
stone steady or to mount a conventional 
Carboloy-tipped lathe cutting tool for the 
rough cut: then one can finish with a stone. 

The brushes should be removed during 
the resurfacing operation to prevent 
their rapid wear and dusting. Clean the 
oily and greasy surfaces before proceeding 
with the resurfacing so as to prevent 
adherence of the grinding dust and to 
permit easy cleaning of the equipment 
after finishing with the operation. When 
possible, erect cardboard shields so as to 
baffle the interior of the machine against 
entrance of this dust. 

Install two old brushes to supply power 
for driving the motor armature during the 
stoning. The axle, mounting the motor, 
is then by suitable means jacked up so 
that the armature and wheels are free to 
rotate. The remaining wheels of the loco¬ 
motive must be blocked or have the 
brakes set so as safely to hold the loco¬ 
motive stationary while the one axle is 
raised and left free to rotate. 

Driving power may be obtained simply 
from the locomotive’s own Diesel-electric 
power. plant by going into the first 
operating position which, in most cases, 
will provide sufficient speed to do aii 
excellent resurfacing job. The current 
required to rotate the armature is so low 
that no damage will result to the station¬ 
ary motors through which this same 
current, is flowing. An alternative, if 
preferred, is to obtain power from a 
welding set or some other suitable d-c 
power source. 

In the case of a generator a similar re¬ 
surfacing operation is possible in the loco- 
tomotive in first starting and warming up 
the Diesel engine so as to permit a quick 
easy start later, then shutting down and 
removing most of the brushes from the 
commutator, leaving only a few easy-to- 
reach brushes in about three quarters of 
the readily accessible brush holders of 
each polarity. 

The engine is again started, and these 
lemaining brushes are removed, and the 
resurfacing operation is ready to proceed 
without affecting the brushes, which, as 
m the case of the motors, would be'ex- 
cessively worn during a prolonged resur¬ 
facing operation. Block out all contactors 
to insure no voltage during the process. 
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The “Air Cure” 

Thorough cleaning of the apparatus is 
essential, and special attention must be 
given to the undercut spaces between 
segments to see that all dragged over 
copper, accumulated dirt, and carbon are 
removed. 

A powerful tool for the detection and 
cleaning of these spaces is a procedure 
referred to as “air curing.” A strong jet 
of dry compressed air is blown against 
the commutator, held close to, and di¬ 
rected across the surface, so that the im¬ 
pact will dislodge material in the groove 
while the commutator is rotated aL 
gradually increasing speed and maximum- 
no-load voltage. 

In the case of a generator, this is done 
with motor contactors blocked out to 
open the load circuit and field contactors 
closed in to obtain maximum excitation 
at full engine speed 

In the case of a motor, this is done at 
available voltage within the speed limita¬ 
tion of the motor, which for practical 
purposes is sufficient. It is possible, when 
necessary, to obtain full motor voltage at 
full speed by resorting to separately con¬ 
trolled motor-field excitation circuit in 
order to keep within the maximum motor- 
speed limitation. 

When sparking or rings of fire appear 
under the impact of the air jet, the speed 
and voltage should be held until they 
dear up. It may, in stubborn cases, he 
necessary to shut down and dig the 
troublesome spots clean before proceeding. 

It is well to apply this air-cure process 
to motors or generators reported to flash 
over repeatedly for unknown and un¬ 
round causes, as a means of locating 
weak spots in commutator segment in¬ 
sulation. 

The operator should protect himself 
during resurfacing and air-cure processing 
against flying particles, dust, and flash 
over by wearing goggles, respirator, and 
suitable gloves in keeping with approved 
safety practice. 

Cables, Cleats, and Connections 

Motor cables and cleats should be ex¬ 
amined each trip as the swing of cables 
between locomotive and motor concen¬ 
trate stress at the cable cleats which be¬ 
comes the point of wear and cracks in 
insulation. Such defects, if not dis 
covered and repaired, will lead to motor 
or power-plant failure, especially during 
wet weather when creepage over ami 
through these broken surfaces will result 
m a ground which may be serious enough 
to burn off a motor cable. 

Motors are at times removed in emer¬ 
gencies, and during the rush the contact 
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surfaces of the terminals may be over¬ 
looked so as to make contact through a 
'dirty surface which, later in operation, 
■will cause overheating and the melting 
-of the soldered connections between ter¬ 
minal and motor cable, which may be¬ 
come serious enough to burn the connec¬ 
tion off completely, open-circuit, or 
ground the equipment. 

Loose Bands Can Lose Armatures 

The loss of a power plant may overload 
the remaining equipment in order to bring 
the train in. Operators may take pride 
in bringing a train in under such condi¬ 
tions and justly so, but the maintenance 
man must be on the alert to see what the 
consequences of such operation are to 
the remaining equipment. Enough dam¬ 
age may result when the equipment is 
heavily overloaded to cause loosening of 
bands, shrinking of insulation, and slot 
wedges which permit the vibration of 
armature windings. The mechanical 
vibration of conductors ultimately wears 
insulation thin so that final failure occurs 
by electrical breakdown when it is least 
expected and under comparatively easy 
operating conditions. Such failures 
result from former abuse. 

Similar damage from overheating is 
caused by operation without traction 
motor blowers when they are necessary for 
adequate ventilation of the motors, or 
by insufficient air when the fan belts slip. 

Overloaded motors should be changed 
out as soon as possible without waiting 
for the completion of their standard re¬ 
conditioning mileage. Remove the ar¬ 
mature immediately to make a careful 
inspection of bands, wedges, and insula¬ 
tion. 

Extreme temperature gradient will 
exist within the motor during overload 
operation. In parallel ventilated traction 
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motors the armature temperature may 
be expected to increase from the commu¬ 
tator end to the pinion end. The pinion 
end winding will be hottest, because it is 
insulated and covered over by a band 
and is ventilated by the hottest air, while 
the commutator end of the winding can 
conduct its heat to the exposed surface of 
the commutator. Where overloads per¬ 
sist as on a grade, or where they are 
repetitive, such as in frequent starting 
of a train with one of two power plants 
shut down, pinion end temperature easily 
may reach a value sufficient to melt the 
solder on the pinion-end band and yet 
leave the commutator-end band and 
commutator-rise soldering intact. 

Such damage may easily escape detec¬ 
tion by casual observation through the 
commutator-end inspection opening. 
Hence the importance of disassembling to 
be able to view, tap, and feel the pinion- 
end band for signs of loosening. 

A band unsoldered, especially at speed, 
will cause its relaxation, and this along 
with shrinkage of varnish and insulation 
at these extreme temperatures permits 
vibratory movement of the windings. 
Prolonged operation with such mechanical 
motion wears through the insulation and 
culminates in ultimate electrical failure. 

This mechanical condition detected 
in time has good prospects of successful 
repair if the band and band insulation are 
removed and the armature winding is 
thoroughly treated in good insulation 
varnish and again rebound. This treat¬ 
ment is comparatively quick and in¬ 
expensive as compared with a serious 
failure caused by neglect, necessitating a 
complete rewind in order to restore it to 
service. The prospect of successful 
operation, after delayed treatment, is 
difficult to predict. Slot wedges should 
be checked also and renewed when 
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damaged, as these may allow the winding 
to burst out of the slots even though the 
end bands are renewed. 

This is a good time to emphasize the 
importance of proper anchoring of the 
ends of the binding wire. The anchor 
should be such that it will hold even after 
the solder is thrown off. It will permit 
operation so as to bring the train in, 
which otherwise may have resulted in 
losing a band and bursting the winding. 

There are various designs for anchoring 
of the band, the basis of which is to have 
the start and finish of the band caught 
in the same clip extending through from 
one side of the band to the other. The 
ends of the band are looped back and 
then secured by pulling the end of the 
clip back under the turns adjacent to the 
end. A band so secured may slip and 
relax slightly when unsoldered but will 
not let go. 

When overloads are sustained so that 
all parts of the armature tend to reach 
uniformly high temperature, all bands 
will unsolder as well as the commutator- 
riser connections, and this is easily de¬ 
tected by observation through the com¬ 
mutator-end inspection opening. Opera¬ 
tors are quick to remove such obviously 
damaged motors, but unfortunately where 
outright failure has not occurred, the 
tendency is to assume that all is in order 
and to continue operation, while under 
the surface of the relaxed armature band 
the vibrating winding is eating into the 
vitals of the armature. 

Failures do not happen—they are 
caused, and they deserve close engineer¬ 
ing inspection and analysis with un¬ 
prejudiced zeal to search the events lead¬ 
ing up to the failure before corrective 
measures in design, operation, or main¬ 
tenance can be applied intelligently and 
effectively. 
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I t is common practice to operate syn¬ 
chronous motors with full-rated field 
current supplied from a constant-voltage 
exciter. In a number of cases involving 
variable loads, automatic control equip¬ 
ment has been used to vary the excita¬ 
tion with the load. This control causes 
the field current to be reduced below the 
rated value during light-load periods when 
it is not needed and increases the excita¬ 
tion when the load is applied, in order to 
prevent the motor from pulling out of 
step. By this means both operating ef¬ 
ficiency and ,system voltage regulation 
have been improved. 

Operating efficiency is improved by re¬ 
duction of losses caused by motor field 
current and armature current. Field- 
current losses are reduced, because this 
current during light-load periods is less 
than the rated value. Armature current 
losses in the motor and in the power-sup- 
ply system are also reduced, because the 
motor reactive kilovolt-amperes during 
light-load periods is less than that with 
full excitation applied. 

System voltage regulation is improved, 
because the motor does not furnish un¬ 
necessary reactive kilovolt-amperes dur¬ 
ing light-load periods when it would tend 
to raise the voltage to an undesirably 
high value. Also, regulation is improved, 
because, as the load is increased, the lead¬ 
ing reactive kilovolt-amperes furnished 
by the motor do not diminish and may 
even be increased, thus offsetting the 
tendency of the load to reduce the system 
voltage. 

The advantages described have pre- 
viously been recognized 1 in respect to 
motors whose loads vary gradually, so 
that plenty of time is available for in¬ 
creasing the excitation as the load in¬ 
creases. The advantages of use of auto¬ 
matic control for motors for loads which 
are applied suddenly has not been gener¬ 
ally appreciated. This paper presents 
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the results of an investigation of the use 
of synchronous motors with controlled 
excitation for suddenly applied loads. 
Quantitative results are given covering a 
range of machine and control characteris¬ 
tics and operating conditions. It was 
found that the advantages of improved 
operating efficiency and system voltage 
regulation can be obtained even when 
loads are applied suddenly. Also, when 
the peak loads are high relative to the 
required continuous load rating of the 
motor, certain additional advantages are 
available. 

Suddenly applied loads with short-time 
peak values much greater than the aver¬ 
age load are encountered in numerous 
applications for synchronous motors, 
such as for some metal rolling mills, 
rubber mills, and similar drives. In such 
cases the size of the motor is often de¬ 
termined principally by the peak load. 

If the motor is excited from a constant- 
voltage exciter, the field must be designed 

Table I. Example of Synchronous-Motor Ap¬ 
plication Involving Suddenly Applied Loads. 

Comparison of Two Motors, Each for 3,500- 
Kw Motor-Generator Sets for Reversing 
Blooming Mill 


Motor A Motor B 


Type of excitation. .Automatically. .Constant volt- 
supply controlled age 

Continuous horse-. .4,900 horse- 4,900 horse¬ 
power rating power power 

Power-factor rat-. .1.0 power fac-. .0.8 power fac- 
in g tor tor* or 1.0 

„ . power factor 

Exciter continu¬ 
ous rating.40 kw ..40 kw 

Maximum peak 

,oat *.300 per cent . . 300 per cent 


Approximate total 
weight of cop¬ 
per (motor and 

control). 4,000 pounds ..0,000 pounds 

Approximate total 
weight of steel 
(motor and con- 

tro b.48,000 pounds ..60,000 pounds 

Operating effi¬ 
ciency (duty 
cycle, 100 per 
cent rms load, 
comprising re¬ 
peated 250 per 
cent short-time 
peaks alternat¬ 
ing with no- 


load periods)-93.1 per cent ..91.1 per cent 


* For motors with 300 per cent steady-state pull-out 
torque, the design requirements of 0.8 power factor 
and 1.0 power factor motors are approximately the 
same. 


to carry continuously sufficient current 
for maintaining synchronism with peak 
load applied. If, however, the field need 
carry only the excitation required by the 
load, and this field current is automati¬ 
cally increased when peak load is applied, 
a smaller motor may often be used. It 
was found that with propefly co-ordi¬ 
nated designs of motor and control, for a 
wide range of ratings and operating con¬ 
ditions, substantial savings in critical 
materials, principally copper and steel, 
will be obtained. For the example illus¬ 
trated in Table I it was possible to em¬ 
ploy a design of motor and control which 
resulted in an over-all saving of 2,000 
pounds of copper and 12,000 pounds of 
steel. These savings are of particular im¬ 
portance at the present time of shortages 
of these materials. 

In the case outlined, it was found that 
the addition of the excitation control 
equipment did not result in an increase in 
over-all cost. For ratings considerably 



Figure 1. Circuit diagram, synchronous motor 
with controlled excitation for suddenly ap¬ 
plied loads 



TRANSIENT REACTANCE -xjj-PER CENT 

Figure 2. Effect of transient reactance on 
transient pull-out torque 

Conditions of cases 1, 2, and 3 

x—Motor pulls out with this value of suddenly 
applied torque 

o Motor remains in step with this value of 
suddenly applied torque 
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motor 


Figure 3. Effect of initial field current on 
transient pull-out torque 


Conditions of cases 1, 4, and 5 

x—Motor pulls out with this value of suddenly 
applied torque 

o—Motor remains in step with this value of 
suddenly applied torque 



<r 



OPEN CIRCUIT TIME CONSTANT- T^ SECONDS 



EXCITER CEILING VOLTAGE-TIMES RATED VOLTAGE 
.8 PE MOTOR 

Figure 5. Effect of exciter ceiling voltage on 
transient pull-out torque 


x—Motor pulls out with this value of suddenly 
applied torque 

o —Motor remains in step with this value of 
suddenly applied torque 

A —Conditions of cases 8, 13, and 14—• 
Td Q ' = 3.42. seconds 

B —Conditions of cases 10, 11, and 12— 
Tdo' = ^-0 second 



FIELD CURRENT-TIMES RATED VALUE-.8R.F. MOTOR 

Figure 6. Steady-state pull-out torque 


smaller than that of the example given, 
the over-all cost is slightly higher than 
for comparable motors and control of 
conventional design. 

It was found that the use of controlled 
excitation makes possible motor designs 
which for many cases have lower values 
of full-voltage starting current than com¬ 
parable conventional designs. When full- 
voltage starting is to be used, this feature 
will reduce the disturbance to the system 
caused by starting the motor. 

It is emphasized that a completely co¬ 
ordinated design of motor and control is 
necessary to assure satisfactory perform¬ 
ance and to make available the advan¬ 
tages described. In some cases, the design 
of the motor will be determined by re¬ 
quirements of the continuous rating, re¬ 
active kilovolt-amperes for power-fac¬ 
tor correction, starting torque, or pull-in 
torque, as well as the peak load. The in¬ 
fluence of these other factors should be 
evaluated in each of such cases. 

A typical excitation control system is 
illustrated by Figure 1. The automati¬ 
cally controlled amplidyne exciter varies 
the motor excitation by varying the volt¬ 
age applied to the field of the main exci¬ 
ter. The control adjusts motor excitation 
to load requirements by responding to 
changes in motor input. 

Effects of Design Factors 

In this paper, the value of suddenly 
applied torque just sufficient to cause 
pull-out is called the transient pull-out 
torque. By calculating motor perform¬ 
ance for a variety of machine constants 
and operating conditions, their effects on 
the value of this torque were determined. 
These effects are illustrated by Figures 
2, 3, 4, and 5. For purposes of compari¬ 
son, Figure 6 is included, showing the 
steady-state pull-out torque. This figure 
applies for all the cases investigated. 
Figures 2 to 6 are all plotted in terms of 
the rated torque and rated field current 
of an 0.8 power-factor motor with a 
steady-state pull-out torque as given by 


Figure 4. Effect of open-circuit time con¬ 
stant on transient pull-out torque 

x -Motor pul Is out with this value of suddenly 
applied torque 

o—Motor remains in step with this value of 
suddenly applied torque 

d—Conditions of cases 1, 6, and 7. Field 
voltage rises at rate of 110 per cent of rated 
held voltage per second to ceiling value of 
180 per cent 

B Conditions of cases 8 ; 9, and 10. Field 
voltage rises instantly to ceiling value of 300 
per cent of rated field voltage 


fisurc 7. Motor- 
generator set used 
for tests 

Motor rating— 
2,100 horsepower, 
2,100 kva, 0.8 
power factor, 900 
rpm, 13,800 volts, 
three phase, 60 
cycles 
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o A\ 


V J - 2 -3 .4 .5 s-7 

time-seconds 

Figure 8. Comparison of calculated field cur¬ 
rent with test results 

Motor rated 2,100 horsepower, 2,100 kva, 
0.8 power factor, 900 rpm, 13,800 volts, 
three phase, 60 cycles 

270 per cent load suddenly applied 

Figure 6. The results can be interpreted, 
however, as applying to motors with other 
power-factor ratings and steady-state 
pull-out torque characteristics, by prop¬ 
erly modifying the scales for the curves. 
The methods of modifying them are given 
in the appendixes. 


Figure 2 shows the effect of transient 
reactance on transient pull-out torque. 
The maximum suddenly applied torque 
which can be carried is seen to vary almost 
in inverse proportion to the value of 
transient reactance. 

Figure 3 shows the effect of initial field 
current. While decreases in the current 
lower the transient pull-out torque, it is 
seen that this initial current may be well 
below rated value without greatly reduc¬ 
ing the maximum safe torque. 

Figure 4 shows the effect of open-cir¬ 
cuit time constant for two types of exciter 
voltage changes. Curve A corresponds 
to an excitation voltage which, as soon as 
load is applied, rises at a constant rate of 
110 per cent of rated field voltage per sec¬ 
ond toward a maximum or ceiling voltage 
of 180 per cent of rated held voltage. The 
equivalent of this type of response is ob¬ 
tainable by means of the type of excita¬ 
tion system illustrated by Figure 1. 
Curve B corresponds to an excitation 
voltage which rises instantly, upon the 
application of load, to a ceiling value of 
300 per cent of rated field voltage. This 


more rapid type of response is obtainable 
only by a regulating system with excep¬ 
tionally high speed characteristics such 
as are obtainable by use of an electronic 
main exciter. It may be seen that in¬ 
creases in the time constant are helpful 
when the excitation system is of the type 
shown by Figure 1, but that increases in 
the time constant decrease the transient 
pull-out torque when an electronic ex¬ 
citer with a relatively high ceiling voltage 
is used. Figure 4 shows that for machines 
with the longer time constants,' the tran¬ 
sient pull-out torque available with an ex¬ 
citation control of the type shown by Fig¬ 
ure 1 approaches closely to the torque 
available with an electronic exciter with 
a high ceiling voltage. For the lower 
values of time constant, corresponding to 
relatively smaller motors, the advantages 
of an electronic main exciter or its equiva¬ 
lent are more pronounced. 

Figure o shows the effect of ceiling 
vt It age on transient pull-out torque, 
H e curves of Figure 5 apply to use of art 
excitation system which raises the held 
voltage immediately to the ceiling value. 


Figure 9. Oscillograms 
f test f synchronous 
motor with controlled 
excitation for suddenly 
applied loads 
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These curves are plotted for two different 
values f >f time constant. The curves show 
that there is relatively little to be gained 
by employing very high ceiling voltages. 
When the held voltage does not rise im¬ 
mediately to the maximum value, in some 
cases there will be nothing gained by use 
of a high ceiling voltage, because the 
motor will definitely pull out or will defi¬ 
nitely reach stable synchronous operation 
before the exciter reaches its ceiling. 

The effects of design constants and 
operating 'conditions other than those 
investigated for this paper may be de¬ 
termined readily by the method of analy¬ 
sis outlined in the appendixes. 


are adequate for the majority of cases in the 
range investigated. 

3. The transient pull-out torque will be 
increased by reducing machine reactances, 
particularly the direct-axis transient re¬ 
actance. 

4. The transient pull-out torque will be 
increased by increases in the following: 

(fl). Initial field current. 

(b). Rate of rise of field voltage caused by action 
of excitation control. 

(e). Exciter ceiling voltage, in some cases. 

5. The transient pull-out torque available 
when a suitable excitation system is used, 
is in most cases greater than the steady- 
state pull-out torque available with the 
field current for rated continous load. 


H = inertia constant, seconds; H 
_ 0.231(lT7? 2 )(rpm) 2 X 10~~ g 
(Base kva) 

= open-circuit time constant, seconds 
t = time in seconds 

A indicates change in quantity during 
lime interval, A/ 

/= frequency, cycles per second 
v = angular rate of change of 5, degrees per 
second 

P g = electrical torque output of motor 
Pl — applied load torque 
P D - damping torque 
F = net decelerating torque 

Numbered subscripts refer to step num¬ 
bers in step-by-step calculation. 


Test Results 

To check the reliability of the analysis 
and calculations of this paper, tests were 
made on the 2,100-horsepower 900 rpm 
13,800-volt, 0.8 power-factor motor driv¬ 
ing the motor-generator set shown by 
Figure 7. The pull-out torque of this set, 
with rated excitation applied, is 220 per 
cent. An excitation system of the type 
shown by Figure 1 was used and adjusted to 
supply at no load a field current of approxi¬ 
mately 50 per cent of rated excitation. 
A load of 270 per cent of rated load was 
suddenly applied to the motor by con¬ 
necting the two d-c generators of the set 
to a water box load. The motor did not 
pull out of step. Figure 8 shows a com¬ 
parison of calculated field current with 
measured field current. Further tests 
were made in which the transient react¬ 
ance of the motor was increased by add¬ 
ing external inductance to the field cir¬ 
cuit of the machine. By successive trial 
applications of load, the load just suf¬ 
ficient to cause pull out was found This 
load corresponded closely to the transient 
pull-out torque as determined by calcu- 
ations. Figure 9 shows a typical oscillo- 
gram taken during the tests. 

Conclusions 

. Follovvin g is a summary of the conclu¬ 
sions reached: 

1. For a wide range of ratings of motors for 

voltage exciters: d by COnstant - 

^ CritiCal Particularly cop- 

w !::r in over " 1 " *&<**»*. 

LLo em ° f voltage r egtt . 

J leduction of full-voltage starting current 

S ystems P op ! e ra t d in S g g ? ed “f*** 00 

operating exciter field circuits 


Appendix A. Assumptions 

The following assumptions were used: 

1. The direct- and quadrature-axis armature re¬ 
action magnetomotive forces are proportional to 
reactive voltage drops equal to i d (X d -Xi) and 
t q{Xq—'Xi), respectively. 

2. The field current, /«, required to overcome satu¬ 
ration is a function only of the total direct-axis 
air-gap flux and the field current. 

3 The value of I a may be determined by the 
relationships of Figure 14 and the assumed em¬ 
pirical relation, e s = eid+0.12If d . 

4. The effects of amortisseur windings and other 
rotor circuits in addition to the field winding are 
negligible except in producing a damping torque 
proportional to the rate of change of rotor angle 

5. Armature resistance is negligible. 

6 . Impedance in the power system supplying the 

motor is negligible. 1 y ** 

Appendix B. Nomenclature 
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The following nomenclature is used in 
this paper: 

e t = terminal voltage per unit 
eu= direct-axis component of air-gap volt¬ 
age 

e d ' = direct-axis transient internal voltage 
e t =equivalent voltage determining salura- 
tion requirements. (e, = e w + 0 . 12 /„) 
i = armature current 

H =direct-axis component of armature 
current 

quadrature-axis component of arma- 
ture current 
F— total field current 
= field-current requirement based on 
quadrature-axis synchronous react- 
ance 

/« = field-current requirement excepting 
effect of saturation 

/, = field current required to overcome 
saturation 

Xd - direct-axis synchronous reactance 

quadrature-axis synchronous react- 
ance 

%d —direct-axis transient reactance 
■Xi — leakage reactance 

^"'anH 1 ti, m ^ eleCtriCal degrees between e t 
and the direct axis 1 

^oSTTr- t0rque per ra dian 

time ar P CenieiJt per r adian of 


. Luiqucb, mm inerua ana clamping 

constants are expressed in per unit on motor 
kilovolt-ampere, voltage, speed and fre¬ 
quency rating. On some figures, torque 
values are expressed in times rated torque 
of an 0.8 power-factor motor. For these 
figures it is assumed that the rated horse¬ 
power equals rated kilovolt-ampere. For 
motors (of any power-factor rating) having a 
ratio of rated horsepower to rated kilovolt¬ 
amperes other than unity, the torque scales 
of these figures should be divided by this 
ratio. Field currents and voltages are ex¬ 
pressed in per unit of the value required for 
no load, rated voltage on the air-gap line. 
On some figures, field-current values are 
expressed in times rated current for an 0.8 
power-factor motor. For these figures it is 
assumed that the rated current is 2,7 per 
unit. For any motor (of any power-factorra t • 
mg) whose rated field current has a differ¬ 
ent per-unit value, the field-current scales 
of these figures should be multiplied by 2 7 
and divided by the per-unit value of rated 
field current. 
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Appendix C. Method of 
Analysis 

Approach to Problem 

To determine whether or not a motor 
would remain in synchronism after applicat¬ 
ion of a particular load under a particular 
set of conditions, a calculation was made 
resulting in a plot of rotor angle versus time. 
If this angle (by which the rotor axis is out 

° f pbaaa 7 th lhc Hnc vol( W> A** not ex- 
cecd 180 degrees and approaches a constant 
value less than 90 degrees, it was concluded 
that the motor would not pull out 
To determine the transient pull-onl torque 
of a particular machine under a particular 
set of conditions, tl.e calculation just men- 
f ° r ' sewral different values 

viC? ? ad - , By this lwa “*< two load 
values were foitud, oue only slightly greater 

S n „H C a 1C V thG krgCr of w, *ich causes 
pull-out and the lesser of which does not. 

ri?l!' anS ' e, ! t pul] -° ut torque lies between 
these two values. 

sw? eff f C ? ° f . variati0I > of machine con- 
wi ‘ , f. °j e 1 XCltalio ’' system performance 
^tfil oft U t dled by determining the transient 
pull-out torques for various combinations of 
une constants and operating conditions 
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Tabic II. Schedule of Cases 


Field- 

Initial Voltage 
Field Response 
Current Par Cent of 
Initial Per Cent of Rated* 
Case Load Rated* Per Second 


Final 

Field Syn- Quadra- 

Voltage chronous ture Leakage 

Per Cent of Reactance Reactance Reactance 
Rated* X d X q Xi 


1 . . 
2 . . 

3. . 

4. . 

5. . 

6. . 

7.. 

8 .. 
9.. 

10. . , 
11. . , 
12 . .. 

13.. . 

14.. . 


.0. . . 

.0. . . 

... 41.5. 

.. 41.5. 

.0. . . 

.. 41.5. 

.0. . . 

. . 74 . 

.0. . . 

..100 . 

.0. . . 

. • 41.5. 

.0. . . 

. . 41,5. 

.0. . . 

. . 41.5. 

,0.. . 

. . 41.5. 

.0. . . 

.. 41.5. 

0. . . , 

. . 41.5., 

0. . . . 

.. 41.5.. 

0. . . . 

. . 41.5.. 

0. . . . 

• • 41.5.. 


. .110. 

...180... 

-1.03 

.110. 

...180... 

. ...1.03 

.110. 

...180. . . 

-1.03 

.110. 

...180... 

.. .1.63 

.110. 

. ..180... 

.. .1.63. 

.110 .._ 

. . .180... 

. . .1.63. 

.*110. 

...180... 

_1.63 

. Infinite. , . 4 

. ..300..., 

_1.63. 

. Infinite. 

. . .300_ 

. . .1.63. 

. Infinite. 

.. .300_ 

.. .1.63. 

. Infinite. 

. ..160_ 

...1.63. 

. Infinite. 

. . .100_ 

...1.63. 

. Infinite. 

. - .160_ 

...1.63. 

. Infinite.. 

...100_ 

...1.63. 


...1.00.. 

...0.16.. 

..1.00.. 

■ ..0.1G.. . 

. .1.00... 

...0.16.. . 

. .1.00... 

• ..0.16.. . 

. . 1.00. .. 

...0.16... 

..1.00... 

...0.16... 

. .1.00... 

.■.0.16... 

. .1.00... 

■ •.0.16. .. 

..1.00... 

. ..0.16... 

. .1.00... 

...0.16... 

..1.00... 

...0.16... 

..1.00... 

...0.16... 

..1.00... 

...0,16... 

..1.00... 

■ ■.0.16..., 


* -0.8 power-factor motor (rated field voltage and current assumed = 2.7 per unit) 


Damp¬ 

ing 

Transient Con- 
Reactance stant 
X d' X) 


Open-Cir- 
Inertia Fre- cuit Time 
Con- quency f Constant 
stant Cycles Per (Seconds) 
H Second T ( i 0 ' 


Saturation 

Characteristics 


..0.33 . 

... .10. 

..0.415. 

-10. 

..0.50 ., 


..0.33 .. 

-10. 

..0.33 .. 

-10. 

..0.33 . . 

-10. 

..0.33 .. 

-10. 

..0.33 . . 

-10. 

..0.33 .. 

-10. 

..0.33 .. 

-10. 

. .0.33 .. 

-10. 

. .0 33 .. 

-10. , 

-.0.33 .. 

. .0.33 .. 

-10, , 

-10. . 


..1.79... 
.1.79... 
.1.79... 
.1.79... 
.1.79... 


.60.. . 
. 00 . . . 

. 00 . . . 

.60. . . 

. 60. . . 


..3 42.. 
..3.42.. 
..3.42.. 
..3.42.. 

. .3 42.. 


. . Figs. 13, 14 
..Figs 13,14 
. . Figs. 13, 14 
. .Figs. 13, 14 
. .Figs. 13, 14 


•1.79.00. 

■1.79.00. 

.1.79. 60. 

.1.79.00. 


•2.0 .Figs. 13, 14 

•10 .Figs. 13, 14 

• 3.42.Figs. 13, 14 

■2.0.Figs. 13, 14 


.1 79. 
.1.79. 
.1.79, 
.1.79. 
.1.79. 


.00.. 

_1.0_ 

. Figs. 

13, 14 

.60. . 

-1.0_ 

-Figs. 

13, 14 

.60. . 

-1.0 _ 

■ Figs. 

13, 14 

.60. . 
.60. . 

-3.42_ 

....3.42. 

. . Figs. 

■ Figs. 

13, 14 
13, 14 



A schedule of cases studied is given by 
Table II. From the results of the various 
cases investigated, the effects of design fac¬ 
tors were determined and plotted on Figures 
2, 3, 4, and 5. 

It may be observed from the form of the 
equivalent circuits that the pull-out power 
is increased in exact proportion to reduction 
in machine reactances if the ratios between 
these reactances is held constant. Therefore, 
all calculations were made with a single con¬ 
servatively high value of direct-axis syn¬ 
chronous reactance, and it was not neces¬ 
sary to investigate separately the effect of 
changes in this reactance. 

Method of Calculation 

On the basis of the assumptions listed in 
Appendix A, Figure 10 may be drawn to 
represent the motor at all times, before, 
during, and after application of load. 2 - 4 
Figure 11 corresponds to that portion of 
Figure 10 which is independent of satura¬ 



Figure 11. Circuit used on a-c network 


analyzer 


tion and of saliency of the poles of the rotor. 
The circuit of Figure 11 was set up on the 
a-c network analyzer, 3 illustrated in Figure 
12. Reactance values representative of syn¬ 
chronous motors were used for the circuit of 
Figure 11. Readings of e ld , e d \ and P e 
were obtained for a range of values of 8 and 
Iqd- Using these readings and the rela¬ 
tionships given on Figures 10 and 14, cor¬ 
responding values of /, which took pole 
saliency and saturation into account, were 
calculated. From the analyzer readings and 
the calculated values of J, curves such as 
those of Figures 15 and 16 were plotted. 
These were used in making step-by-step 
Calculations of 8 and I versus time. A 
sample step-by-step calculation is given bv 
Table III. 

The calculations of Table III proceed 
from left to right for each time interval, 
using last-calculated values of quantities 
required for making each calculation. 

A time interval of 0.05 second was used 
for all calculations, since this was found by 
trial to give satisfactory accuracy. Use of 
a smaller interval will not materially in¬ 
crease accuracy. 

The quantities given in Table III were 
calculated as follows: 


The initial conditions were 

recorded for 

t~ —0.05 second. 


By definition 


6i — 3 0 ASo elc. 

(1) 

and 


e di + &e da ' etc. 

(2) 


I is determined from Figure 15 for the 
previously calculated values of 8 and e d . 

A is determined from Figure 16 for the 
previously calculated values of 8 and J. 


Figure 12. A-c net¬ 
work analyzer used 
for study of syn¬ 
chronous motors with 
automatic excitation 
control 
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FIELD CURRENT-I-PER UNIT 

Figure 13. No-load saturation curve 


Pl is the assumed applied load for the 
case studied. 

From assumption 4 

(Av)(At) (3) 

Since the sum of all torques on the rotor 
is zero 

P=P l P e P d (4) 

Since the decelerating torque 
„ 2 H dv 

~360 f X dt (S) 

(A»)(A t)-—tL-Lp (6) 

except for the first interval, for which from 
equation 55 of Reference 4, 

(Av t )(At)= ^~^- 2 Pi (7) 

AH 

By definition 

A5 = (dO ( At) = (vq) (At) + ( Av q ) ( At) etc. (8) 


0123456 78 

FIELD CURRENT-I-PER UNIT 

Figure 15. Direct-axis transient internal 
voltage, ea' 

X d = 1.63 X ff = 1.00 
X/ = 0.33 Xi~0A6 
Saturation per Figure 14 



2 3 4 5 6 7 

FIELD CURRENT-I-PER UNIT 


Figure 16. Synchronous-motor electrical 
torque 

Ad =*1.63 Ai-1.00 Ai = 0.16 
Saturation per Figure 14 


Table III. Sample Step-By-Step Calculation—Case 1 A 

Suddenly Applied Load, Pl~ 2,25 Per Unit 

5 e d ' I P e Pjr, P^ p (Av) (At) A <5 


0 . 

.-0.05. 

0 . 

.1.00. 

.1.12.. 0.. 0.. 0.. 

0 . . 

0 .. 0..1.12. 

0 . 

0 

1 . 

. 0.00. 

0 . 

.1.00. 

.1.12.. 0..2.25.. 0. 

2.25. 

17.0..17.0.,1.12. 

0 . 

0 

2 . 

0.05. 

17.0. 

.1.00. 

.1.28..0.32..2.25..0.16. 

1.77.. 

26.7..43.7..1.27. 

-0.01. 

-0.00 

3. 

. 0,10. 

60,7. 

.1.00. 

.3.00..1.69..2.25..0.41.. 

0.15.. 

2.3..46.0..1.42.. 

-1.58. 

. -0.02 

4. 

5. . 

0.15, 

. . .0.20. 

106.7. 

129.9. 

.0.98. 

.5.85..3.33..2.25..0.43.. 

-1.51. . 

-22.8. .23.2. .1.57. , 

-4.28. 

. -0.06 



0.6 0.7 0.8 0.9 


Figure 14. Field 
current required by 
saturation 

es^eid+OASlIfci 



0 .2 .4 .6 .8 1.0 1.2 

TIME - SECONDS 

Figure 17. Calculated performance of syn¬ 
chronous motor—rotor angle versus time- 
case 1 

A —Suddenly applied torque = 300 per cent 
of motor rated torque —0.8 power-factor motor 
(motor pulls out of step) 

B —Suddenly applied torque = 285 per cent 
of motor rated torque —0.8 power-factor 
motor (motor remains in step) 

E is as assumed for the case being studied. 
From the second equation following equa¬ 
tion 4a of Reference 5, 


= — (£-/) 
1 do 



.2 A .6 
TIME-SECONDS 


Figure 18. Calculated performance of syn¬ 
chronous motor—rotor angle versus time— 
case 3 

A —Suddenly applied torque = 220 per cent 
of motor rated torque —0.8 power-factor 
motor (motor pulls out of step) 

B —Suddenly applied torque = 200 per cent 
of motor rat ed tornn^ — OR nnw^r-fartnr 
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A Multiorifice Interrupter for 
High-Voltage Oil Circuit Breakers 

L. R. LUDWIG 

member aiee 


Synopsis: High-voltage oil circuit breakers 
tor high-speed operation generally use some 
orm of multibreak contact arrangement, 
rhese breakers perform satisfactorily but 
lack the simplicity of the conventional slower- 
speed two-break construction. The de¬ 
velopment of an unusually effective multi- 
onfice oil-flow interrupting unit now makes 
it possible to reduce the required number 
of breaks to the point where even three- 
cycle 230-kv breakers appear practical with 
only two interrupting units per pole. 

High-power laboratory tests on low mag¬ 
netizing and charging currents, as well as 
short-circuit currents corresponding to 
interrupting ratings of 2,500,000 kva and 
above, have demonstrated the exceptional 
arc-extinguishing effectiveness and low arc- 
energy dissipation of this multiorifice inter¬ 
rupter for high-speed oil circuit breakers. 


pRESENT-DAY requirements relating 
, to the manufacture and operation of 
high-voltage oil circuit breakers demand 
the least use of critical materials and the 
minimum time out of service for inspec¬ 
tion and maintenance. Modern circuit- 
breaker designs, therefore, must have the 
highest possible interrupting efficiency 
in order to limit the arc-energy dissipa¬ 
tion during circuit opening with attendant 
deterioration of oil, contacts, and inter¬ 
rupter parts. Since physical size and 
material usage as well as maintenance 
depend on interrupting efficiency, the 
designer must give primary consideration 
to an improved interrupter in order to 
achieve any essential simplification of 
manufacture and operating procedure. 

In the voltage range from 115 kv to 
230 kv, most oil breakers for eight-cycle 
operation and some for five-cycle time are 
constructed with two interrupters in a 
pole unit. 1 ' 2 The mechanical arrange¬ 
ment is simple, and the potential advan¬ 
tages associated with an improved inter¬ 
rupter are to be gained therefore from 


W. M. LEEDS 

MEMBER AIEE 

decreased energy release, which leads to 
decreased size and improved performance. 
For three-cycle operation at the higher 
voltages, the structure becomes neces¬ 
sarily more complicated because higher 
operating speeds are required, and in 
general it has been necessary to utilize a 
multiplicity of interrupting devices and 
contacts in each pole unit. 3 

While the multibreak design has shown 
satisfactory performance, a comparison 
between such contacts and the simpler 
structures used in the conventional two- 
break assemblies for eight-cycle operation 
the desirability of reversing this 
trend toward a large number of breaks. 
By making use of newly developed and 
highly effective oil-flow interrupting units, 
it appears practical to build even the 
highest-speed breakers with but two in¬ 
terrupting units per pole. 

An interrupting function of the high- 
voltage high-speed circuit breaker is the 
interruption of line-charging current 
when little or no load is being carried. 
Operators have expressed concern over 
the possibility of producing high destruc¬ 
tive overvoltages as a result of restriking 
of the arc within the breaker during such 
operation. Particular attention has been 
paid to the possibility, and test results 
with a new interrupter are shown which 
minimize restriking by prompt effective 
interruption of low currents. 

The Evolution of a New Interrupter 

The problem of high kilovolt-ampere 
interruption under oil has always been 
one of achieving a sufficient rate of de¬ 
ionization following a current zero, so that 
a high-voltage gradient can be quickly 
withstood across the open contacts with 
the minimum amount of energy dissi¬ 


pated in the arc prior to the current zero. 
Obviously, if means can be found to in¬ 
crease the volts per inch which can be 
interrupted, then a comparatively simple 
structure employing only two interrupters 
per pole unit is possible, even with the 
short contact separation which can be 
achieved in three cycles. The minimum 
mechanical time required from energizing 
the trip coil until the contacts part on a 
three-cycle breaker is approximately lV 2 
cycles. This means that the maximum 
contact separation must be achieved in 
IV 2 cycles, and with reasonable mechani¬ 
cal speeds the contacts can be parted 
approximately three inches in this time. 
On the basis of two interrupters for 230 
kv, and assuming line to ground of 132 kv 
across a pole unit, the interrupting voltage 
gradient to be achieved therefore must be 
in excess of 22,000 volts per inch. 

The interrupting ability of an oil circuit 
breaker has been attributed to the tur¬ 
bulence produced within the gas bubble 
formed by the arc when the contacts are 
separated. 4 Such turbulence requires 
continuous formation of gas from the oil, 
and intimate association between the arc 
and the walls of oil which define the 
bubble is thus required. In the plain- 
break circuit breaker proximity between 
the arc and the oil walls is not readily 
achieved, since the pressure generated 
within the bubble quickly drives the oil 
away from the arc core. The interrupting 
ability of the plain break lias been greatly 
improved by enclosing it in various forms 
of arc-control devices. These devices 
limit the extent to which gases may ex¬ 
pand within the oil bubble, and therefore 
the pressure within it is increased to such 
an extent that intimate contact between 
the arc and the oil is achieved. These 
pressures, however, also increase the arc 
voltage and the energy dissipated. 

It has been found that the interruption 
can be improved much by flowing oil 
past the arc by separately applying pres¬ 
sure, This flowing oil stream has the 
beneficial effects of supplying cool oil and 
fresh un-ionized gas to the arc core, and 
of tearing bubbles of spent ionized gas 
away from the region surrounding the 
core. Thus the size of the gas bubble in 
which the arc plays can be limited with- 


Results of typical step-by-step calcula¬ 
tions are shown on Figures 17 and 18. 
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Figure 1. Oil-How interrupters for high- 
voltage oil circuit breakers 


Left—Vertical-flow interrupter 
Right—Center-flow interrupter 


can be achieved without high arc energy. 
It has been found also that, if the oil is 
caused to flow vertically along the axis of 
the axe, the disruptive effect of the oil 
stream itself on the arc core will be mini¬ 
mized. The arc in this case is not 
lengthened or bent about barrier plates; 
its voltage drop and energy loss are there¬ 
fore low. Nevertheless, at current zero 
the gases formed from the decomposed oil 
are highly turbulent, and deionization is 
exceptionally effective 6 
B. P. Baker has previously described 
a vertical-flow interrupter and its appli¬ 



ed Pressure break E —Intermediate contact 

B —Interrupting break F— Oil-flow channel 
C—Upper contact G—Inlet passages 

D—Lower contact H —Exhaust passages 
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cation to oil-poor circuit breakers. 6 This 
interrupter consisted of a novel structure 
for developing an oil flow by mechanical 
means, the oil being directed longitudi¬ 
nally along the arc in a restricted channel 
vented at one end only, as shown in 
Figure la. This device was remarkable 
for the low arc voltage, and therefore low 
arc energy and oil depreciation, asso¬ 
ciated with the interruption of high short- 
circuit powers exceeding 2,000,000 kva. 
This device was tested both in the labora¬ 
tory and in the field. 

Experimental tests were made also on a 
center-flow device in which a contact was 
drawn down through a succession of ori¬ 
fices, while a flow of oil was driven longi¬ 
tudinally around the contacts and up 
along the arc through the orifices and out 
a vent at the top, as shown in Figure lb. 

Experience with these interrupters 
indicated that a high-voltage gradient 
could be developed only over a limited 
axial distance, because the oil stream soon' 
became contaminated with ionized gas 
and was therefore, not effective through¬ 
out the entire length of the interrupter. 
This phenomenon suggested that the ef¬ 
fectiveness of the device can be greatly 
enhanced by building it in the form of a 
multiplicity of orifices through which the 
arc is drawn and through which the oil is 
caused to flow in an axial direction. If a 
fresh supply of oil is directed to each ori¬ 
fice, and if the used gases and oil are 
vented at each orifice, then the high-volt¬ 
age gradient can be maintained in any 
desired number of inches. Consequently, 
the structure shown in Figure 2 was con¬ 
structed. In such a structure the arc is 
not unduly disturbed prior* to current 
zero, and its length is kept at a minimum. 
The pressures are definitely limited by 
the comparatively large open venting 
arrangement, and at the same time the 
deionization at current zero is extremely 
effective. 

The oil flow can be produced in a num¬ 
ber of ways, for example, by means of a 
piston which provides the necessary 
pressure. It is also feasible to utilize a 
second arc in the same interrupting 
structure which generates gas and thus 
forms sufficient driving pressure to cause 
the oil flow through the orifices and the 
main interrupting arc. This means has 
the advantages of producing a greater 
flow of oil as the current to be interrupted 
is increased. It also does not increase the 
mechanical load as with an oil piston. 
Consequently, the second pressure arc 
has been adopted in conjunction with 
the multiple-orifice structure and provides 
a simple small and efficient over-all inter¬ 
rupter as shown in Figure 5. 

Ludwig, Leeds—Multiorifice Interrupter 


Description of the Multiorifice 
Interrupter 

The cutaway view of the multiorifice 
interrupting unit shown in Figure 2 
illustrates the essential features of the 
device. For maximum speed of arc rup¬ 
ture, a pressure break {A) and an inter¬ 
rupting break ( B ) are opened simul¬ 
taneously by raising an upper contact 

(C) and drawing down a moving contact 

(D) away from a relatively stationary 
intermediate contact (E). Gas genera¬ 
tion by the upper arc places oil under 
pressure and causes it to flow through a 
pair of oil-flow channels (F) to three pairs 
of inlet passages (G). Two pairs of ex¬ 
haust passages (H) are located between 
the inlets, all channels being separated 
by fiber plates with a central orifice (/) 
in which the arc is drawn. 

The arrows indicate the flow of oil 
which serves to keep the arc centered in 
the orifices, sweeping the arc products 
out of the vents and producing an ex¬ 
tremely high rate of deionization of the 



Figure 3. 287-kv three-cycle multiorifice 

grid-contact assembly with shields removed 
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Figure 4. Multi¬ 
orifice grids for 230- 
kv five-cycle breaker 
and 138-kv eight- 
cycle breaker 

Left—230-kv five- 
cycle breaker multi- 
orifice-grid assembly 

Right—133-kveight- 
cycle breaker multi¬ 
orifice-grid assembly 


} 


arc space at current zero. The design 
lends itself naturally to the selection, of 
more or less inlet-orifice-outlet units 
according to the voltage rating. Since 
the oil-flow passages are arranged in 
parallel, the quantity of oil to be set in 
motion by the driving pressure will be 
greater for increased voltage ratings, and 
a longer pressure arc is provided to over¬ 
come the increased pressure drop in the 
vertical oil-flow channels. 

For maximum speed and effectiveness 
of arc rupture, the pressure break and 
main interrupting break are opened 
practically simultaneously as shown in 
Figure 4a, although satisfactory slower - 
speed performance is obtained with a 
■consecutive sequence of contact parting 
as shown in Figure 4b. With the ar¬ 
rangement of Figure 4a, five-cycle opera¬ 
tion is obtained with normal contact 
speed sufficient to give adequate contact 
separation in 2 1 /* cycles. In order to 
obtain three-cycle operation, either four 
grids per pole unit may be used, or the 
contact speed may be increased to give 
longer separation in IV 2 cycles, and two 
grids may be used. In this case, heavier 
construction must be incorporated into 
the grids to withstand somewhat higher 
pressures. The pole-unit levers also must 
be made heavier in order to stand the 
higher operating speeds and the effects of 
heavier accelerating springs. This higher 
contact speed can be obtained by increas¬ 
ing the breaker lift-rod speed and by 
operating the grid contacts through a 
multiplying lever system, so that the con¬ 
tact speed exceeds that of the lift rod. 

A multigrid assembly for three-cycle 
operation at 287 kv has been built and 
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tested with six units in series per pole* 
Three of these multiorifice grids are shown 
in Figure 3, arranged with a side operating 
rod for actuating all contacts simul¬ 
taneously. 

In the grids shown in Figures 4a and 5, 
an insulating operating rod along the side 
of each contact assembly is attached to a 
rocking arm which operates the contact 
111 the pressure chamber at the top of the 
grid unit. Clamped between the upper 
and lower contacts in the closed position 
is the intermediate contact which sepa¬ 
rates the pressure and interrupting cham¬ 
bers. The operating rod is raised during 
the closing operation by the bridging 
contact crossbar which also carries the 



Figure 5. 230-kv five-cycle multiorifice grid- 
contact assembly with shield removed 
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(a). Old design with six 
radial field grids 



(b). Design with four multi¬ 
orifice grids 



(c). New design with two 
multiorifice grids 

Figure 6. Evolution of 230-kv three-cycle 
breaker designs for 2,500,000 kva 

lower moving contact. This contact is 
withdrawn from the grid in the open posi¬ 
tion to provide electrical isolation. An 
accelerating spring is compressed during 
closing, as are the contact springs, and 
both provide initial acceleration. On 
opening, the main lift rod is tripped, and 



(a). 287-kv breaker—3,500,000 kva six 

grids—198 kv to ground single phase 



(b). 230-kv breaker—2,500,000 kva four 
grids 132 kv to ground single phase 

Figure 7. Multiorific -grid performance in 
three-cycle high-voltage breakers 
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the bridging crossbar drops away from 
the grids carrying the lower contact. 
The upper contact opens simultaneously, 
and the arc is extinguished just before the 
crossbar leaves the grid to provide an 
insulating disconnect break in clear oil. 
Voltage distribution is provided by re- 
sistor^, while the voltage gradient in the 


Table I. 287-Kv Three-Cycle Breaker Data— 
3,500,000 Kva (7,000 Amperes) 
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Figure 8. Oscillograms of short-circuit tests 
on three-cycle multiorifice grid breakers 

(a) . Six grids, 4,680 amperes, 198 kv to 

ground 

(b) . Six grids, 7,020 amperes, 198 kv to 

ground 

(c) . Four grids, 162 amperes, 132 kv to 

ground 

(d) . Four grids, 8,300 amperes, 132 kv to 

ground 

(e) . Cathode-ray oscillogram of same test 

as 8c 


neighborhood of metallic parts is relieved 
by well-rounded metallic shields. 

Figure 6 shows schematically the re¬ 
sults which have been achieved. In 6a 
the earlier form of 230-kv three-cycle grid 
arrangement using six grids is illustrated. 
In 6b by using the multiorifice design, it 
has been possible to obtain very short 
arcing time over the entire current range 
with only four grids. In 6c two grids 
only are shown for the same purpose, and 
tests indicate their adequacy for future 
breaker designs. 

Resistors for Voltage Control 

A resistor assembly consisting of 
graphite-impregnated molded blocks 
mounted in a fiber tube is connected 
across each multiorifice grid stack, pri¬ 
marily for the purpose of improving the 
division of voltage among the series 
interrupters. 8 Figure 15 shows a group 
o curves indicating the calculated divi- 
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Table II. 230-Kv Three-Cycle Breaker Data— 
2,500,000 Kva (6,300 Amperes) 


Interrupted Main Inter- 

Current Arcing Gap rupting 
Test (RMS Time Per Grid Time 
No. Amperes) (Cycles) (Inches) (Cycles) 
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sion of voltage between the contact as¬ 
semblies on the high potential and 
grounded terminals of a typical high- 
voltage steel tank breaker as a function 
of the parallel resistance value for various 



Figure 9. 230-kv five-cycle circuit-breaker 

performance—two grids—132 kv to ground 
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(a). Two grids, 260 am¬ 
peres, 132 kv to ground 


(b). Two grids, 9,400 am¬ 
peres, 132 kv to ground 


Figure 10. Oscillograms of tests on 230-kv five-cycle 


(c). Two grids, 4,290 am¬ 
peres, 82.5 kv to ground 

multiorifice grid breaker 
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performance—two grids—88 kv to ground 

natural frequencies of the transient re¬ 
covery voltage. The combination of re¬ 
sistance and capacitance involved causes 
the voltage across the two contact as¬ 
semblies to be out of phase with each 
other, and thus the corresponding per¬ 
centages add up to somewhat more than 
100 per cent. The resistance value 
selected for a 2S7-kv multiorifice grid 
design was *100,000 ohms per breaker 
terminal, giving according to Figure 15 as 


good or better distribution than with 
capacitance shielding 7 for all frequencies 
up to about 2,000 cycles per second. It 
should be noted that, after the high- 
frequency transient has been damped out, 
the normal-frequency voltage will be 
divided 50 per cent—50 per cent by the 
resistance. During the interruption of 
charging currents the voltage distribution 
is better with resistance dividers than 
with capacitance shielding, since the 
voltage builds up across the breaker con¬ 
tacts at normal frequency. Proper volt¬ 
age distribution during the interruption 
of charging currents forces each grid to 
bear its full share of restored voltage. 
1 hus the resistor in combination with 
sufficient contact speed and oil driving 
power quickly brings the total dielectric 
strength of all grids sufficiently high to 
prevent continued restrikes which might 
multiply the transient overvoltage. A 
liberal and quickly achieved contact 



(a) 


(h) 



(c) 



(a). Two grids, 1,340 am¬ 
peres, 88 kv to ground 


(b). Two grids, 5,750 am¬ 
peres, 88 kv to ground 


(c). Two grids, 10,200 am¬ 
peres, 88 kv to ground 


Figure 12. Oscillograms of tests n 1 38-kv eight-cycle multiorifice grid breaker 
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Table III. 230-Kv Fiv -Cycle Breaker Data— 
2,500,000 Kva (6,300 Amperes) 


Inter¬ 
rupted Main 

Current Arcing Gap 

(RMS Time Per 

Test Am- (Cy- Grid 

No. peres) cles) (Inches) 


Interrupting 

Time 

(Cycles) 


A. Two Grids in Series—132 Kv to 
Single Phase—60 Cycles 


Ground— 


1 .... 260 _ 1.8 

2. . . .1,060_2.0 

3. . . .3,920_l.o 

4. . . .5,980_1.5 

5....5,340_1 8 

6. . . .5,450_1.5 

7 -7,500_1 7 

8 -9,400_1.3 


2.4.4.3 

2.8.4.5 

2.0.4.1 

P9.4.0 

2.4.4.3 

1-9.4.0 

2.2 . 4.2 

1-6.3.8 


B. Two Grids in Series—82.5 Kv to 
Single Phase—25 Cycles 


Ground— 


Time Base 


1. . 

.. 495.. 

. .1.10. . 

. .4.1 

2 

.. 485.. 

..0.85. . 

. .3.0 

3. . 

.. 965.. 

. .0.90. . 

. .3.2 

4. . 

.. 925.. 

..1.05.. 

. .3.9 

5. . 

. .3,010. . 

..0.80.. 

. .2.6 

6. . 

. .3,080. . 

. .0.85. . 

. .2,8, 

7, . 

. .4,290. . 

. .0.85. . 

. .3.0. 

8. . 

. .4,290. . 

. .0,85. . 

. .3.0. 


25 Cy- 60 Cy¬ 
cles cles 

■.2.15.,..5.2 

. .1.90_4.6 

■ .1.95....4.7 

. .2.10_5.0 

. . 1.85_4.4 

• •1.90. . . .4.6 

• - 1.90. . . .4.5 

. .1.90_4.6 


separation for the oil driving arc has been 
found to provide good driving pressures 
even with low currents. 

Lower values of ohmic resistance have 
been tried experimentally but appear un¬ 
necessary with this type of grid. Re¬ 
sistors low in ohmic value are rather 
bulky to be able to handle the high E 2 /R 
power losses even for time intervals of 
only a few cycles. 

Another advantage obtained with even 
a moderately high value of resistance in 
parallel with the interrupter is the reduced 
voltage gradient along the insulation with 
the contacts in the open position. The 
effect of the resistance connection is to 
keep both ends of the contact assembly 
at the same potential while the disconnect 
gap is open. Large well-rounded shields 
grade this potential off into the oil. 

Discussion of Test Data 

The curves in Figure 7 show the inter- 
lupting time as a function of interrupted 
current for a three-cycle 287-lcv six-unit 
multi orifice grid breaker tested at 198 kv 
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Figure 13. 230-kv three-cycl circuit-breaker 
performance—two grids—132 kv to ground 
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(a) 

(d). Two grids, 360 am¬ 
peres, 132 kv to ground 



(b) 


(b). Two grids, 3,950 am¬ 
peres, 198 kv to ground 



(c) 

(c). Two grids, 9,350 am¬ 
peres, 132 kv to ground 


Figure 14. Oscillograms of tests on 230-kv three-cycle multiorifice grid breaker 



to ground single-phase, and a three-cycle 
230-kv four-unit breaker tested at 132 kv 
to ground. The first curve, Figure 7a, 
covers a current range from 14 amperes to 
7,000 amperes at a voltage 20 per cent 
above the normal line-to-ground potential 
on a 287-kv system. The test at maximum 
current is a direct demonstration of the 
ability to meet a 3,500,000 kva inter¬ 
rupting-capacity rating. The interrupt¬ 
ing time was less than three cycles for all 
currents above 210 amperes (six per cent 
of rating), and did not exceed 3.8 cycles 
at any current. Table I contains test 
data for the curve in Figure 7a as well as 
test data with the full 198 kv across only 
one-half the pole unit of three grids in 
series. This demonstrates a 100 per cent 
factor of safety in voltage interrupting 
ability. Also included in the table are 
charging-current interrupting tests with 
one-sixth voltage, or 33 kv, across one 
of the six multiorifice grids in series with 
a capacitor bank in the laboratory. A 
current range from 8 to 96 amperes was 
available; all interruptions took place in 


Tabic IV. 138-Kv Eight-Cycle Breaker Data 
—2,500,000 Kva (10,500 Amperes) 


Test 

No. 

Interrupted 

Current 

(RMS 

Amperes) 

Arcing 

Time 

Both 

Gaps 

(Cycles) 

Main 

Gap 

Per Grid 
(Inches) 

Inter¬ 

rupting 

Time 

(Cycles) 

Two Grids in Series—88 Kv to Ground—Single 

Phase—60 Cycles 




1. . 

20... 

. . 3 3 . . 

.. 2.7... 

. .7 1 

2. . 

52. . . 

,..5 2... 

. 6.0. . . 

..9.0 

3, . 

175. . . 

...4 2.. . 

. 4 4 

8 0 

4. . 

. . 460.. . 


..34 

7 n 

5.. 

. . 1,340. . . 

..3 4.. 

. ..2 9. . . 

. .7.2 

6. . 

. . 3,800. . . 

...2.7.. 

. . 1 6 .- 

6 f> 

7. . 

. . 3,690. . . 

. .2.6... 

. . .1.4.. . 

..6 4 

8. . 

. . 3,800. . . 

...2.8. . 

... 1 9. .. 

. .6 6 

9. . 

. . 5,750. . . 

. ..2,6... 

. .. 1.4... 

. .6 A 

10.'. 

. . 6,200. . . 

. . .2.3. . . 

.. .0.9, .. 

. .6.1 

11. . 

. .10,200. . . 

. . .3.0. . . 

.. .2.2. .. 

. .6.8 

12, . 

. ,10.200. . . 

...2.6. 

14 

fi A 

t--- 


less than three cycles. Part C of Table 1 
shows that the maximum voltage across 
the interrupter during these tests did not 
exceed 192 per cent where the normal 
crest voltage is taken as 100 per cent. 

The second curve, Figure 7b, covers a 
current range from 30 amperes to 8,300 
amperes at normal line-to-ground voltage 
for a 230-kv system, the maximum cur¬ 
rent corresponding to a three-phase short 
circuit of 3,300,000 kva. The maximum 
interrupting time in the low-current 
range was only 3.4 cycles. By simply 
increasing the mechanical speed of con¬ 
tact opening, a flat three-cycle character¬ 
istic can be obtained over the entire cur¬ 
rent range. Table II includes not only 
test data at 132 kv to ground, but also at 
50 per cent higher voltage or 19S kv to 
ground. 


RESISTANCE PER TERMINAL - MEGOHMS 

Figure 15. Calculated voltage distribution as 
a function of parallel resistance for different 
frequencies of transient recovery voltage 

Representative oscillograms for these 
three-cycle multiorifice grid breakers are 
shown in Figure 8, including a cathode- 
ray oscillogram of one of the low-current 
tests showing that no greater than normal 
amplitude in the recovery-voltage tran¬ 
sient is obtained. 

Figure 9 gives a curve of interrupting 
performance for 230-kv simultaneous- 
contact-parting multiorifice grids of the 
type illustrated in Figure 5a for five- 
cycle rating. The maximum current 
interrupted was 9,800 amperes at 132 kv, 
over f>0 per cent above the rated inter¬ 
rupted capacity. The remarkable ease 



(a). 





<a) ; ( b) 

Upper, intermediate, lower contacts (b). Inlet, orifice, and vent pla 

Figure 16. Multiorifice grid parts after interrupting tests 
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Tabic V. 230 -Ky Thr c-Cydc Breaker Data 
—2,500,000 Kya (6,300 Amperes) 


Test 

No. 

Interrupted 

Current 

(RMS 

Amperes) 

Arcing 

Time 

(Cycles) 

Main 

Gap 

Per Grid 
(Inches) 

Inter¬ 

rupting 

Time 

(Cycles) 

A. Two 

Grids in 

Series—132 Kv to 

Ground— 

Single Phase-—60 Cycles 



1. .. . 

.. 32... 

...1.5... 

...3.0. 

2 9 

2. .. . 

.. 360... 

...1.2... 

..2.1... 

. . .2.6 

3... 

. .4,230. . . 

...1.2... 

. .2 1 

2 6 

4. . . 

. .6,600. . . 

...1.3... 

. .2.4 

...2.7 

5 . . . 

. .6,600. . . 

...0.9... 

.. 1.3 

2.3 

6. . . 

. .6,370. . . 

...1.4... 

..2.7... 

... 2.8 

7. . . 

. .8,350. . . 

...1.0... 

..15 

...2,4 

8. . . . 

. .9,350. . . 

. . .1.3... 

. ..2.4... 

...2.7 

B. Two 

Grids in 

Series—198 Kv to 

Ground— 

Single Phase—6Q Cycles 



1. ... 

. 240.. . 

. ..1.4_ 

..2.7... 

. .. 2.8 

9 

. 485.. . 

. . .1.7 _ 

3.0 

...3.1 

3... . 

. 963... 

. . .1.1. . . 

. 1 8 

.2.5 

4. .. . 

.3,950. . . 

... 1.2 _ 

. 2 1 

. . 2.6 

5. .. . 

.4.510_ 

...13 . 

2 A 

9 *7 



with which such heavy short circuits are 
cleared gives evidence of the low arc 
voltage and the energy of the multiorifice 
interrupter. This is especially important 
for 25-cycle application where the arcing 
time tends to be slightly longer than at 
60 cycles, because of the greater time 
interval before a current zero occurs at 
which the contacts are parted sufficiently 
to interrupt. Table III includes not only 
data at 132 kv 60 cycles, but also at 82.5 
kv 25 cycles. Oscillograms of represen¬ 
tative low- and high-current tests are 
shown in Figure 10. 

The interrupting performance of the 
ei ght-cycle consecutive-contact-parting 
multiorifice grids for 138 kv, as illus¬ 
trated in Figure 5b, is shown by Figure 
11. The current range covered was from 
16 amperes to over 10,000 amperes at 88 
kv to ground, or 15 per cent above normal 
line-to-ground voltage. Data are given 
in Table IV, and oscillograms for three 
tests are shown in Figure 12, The sim¬ 
plicity of contact structure makes this 
design very attractive for application 
where high-speed operation is not essen¬ 
tial. 

It has been pointed out earlier in the 
paper that the ultimate of three-cycle 
operation at 230 kv with only two units 
per pole has been demonstrated to be a 
practical possibility. Using a pair of 


multiorifice grids similar in operation to 
the one shown in Figure 5a but equipped 
with a multiplying linkage for operating 
the lower moving contacts at high speed, 
the results shown in Figure 13 were ob¬ 
tained. Currents from 30 to 9,300 am¬ 
peres at 132 kv to ground single phase 
were interrupted satisfactorily. All short 
circuits above 210 amperes were cleared 
within three cycles. Data are given in 
Table V not only at 132 kv but at 198 kv 
to ground single-phase, and Figure 14 
includes three representative oscillo¬ 
grams. 

All interrupting tests were made in the 
high-power laboratory described by 
MacNeill and Batten 9 last year. The cir¬ 
cuit voltage-recovery rates during the tests 
were quite high since the breakers were 
connected to the transformers with short 
cable lengths. All tests at 132 kv were on 
a circuit having a maximum circuit volt¬ 
age-recovery rate of 3,500 volts per 
microsecond. At 198 kv the correspond¬ 
ing rate was 5,500 volts per microsecond. 

An examination of all oscillograms 
shows not only short arcing time but very 
low arc voltage. The energy dissipated 
in the new interrupter where two grids 
are used for five-cycle operation is ap¬ 
proximately one third to one half of that 
commonly considered acceptable in pres¬ 
ent-day interrupters. For three-cycle 
operation at 230 kv, the reduction in the 
number of interrupters lowers the total 
energy dissipation to approximately one 
fourth that of current designs. 

There is a complete absence of demon¬ 
stration during interruption. Measure¬ 
ments of tank pressure with two multi¬ 
orifice grids show maximum pressure im¬ 
pulses of only 60 pounds when interrupt- 
ing high currents of approximately 10,000 
amperes. 

Multiorifice grids have been tested for 
large numbers of consecutive high-current 
interrupting tests. Examination of the 
parts after such tests shows very little 
burning and erosion of the orifice plates 
or other grid parts. For example, Figures 
16a and 16b show several orifice plates 
and contacts taken from a grid which had 
withstood 22 interrupting tests from 200 


to 10,000 amperes. All but eight of these 
tests were above 3,000 amperes. 

Conclusions 

A inultiorifice type of interrupter has 
been found to have excellent interrupting 
ability in the high-power laboratory. Its 
arc-energy dissipation is markedly lower 
than with present interrupters. In the 
230-kv three-cycle field the greatest im¬ 
provements are possible, because the 
number of interrupters per pole unit can 
be reduced from six to two. 

The interruption of low currents is 
achieved with short arcing time by this 
interrupter, and means have been intro¬ 
duced into its design to restrict over¬ 
voltages due to restriking. 

A saving in critical materials is made 
possible by the use of this interrupter 
which is consistent with the current war 
effort. 
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Substation-T ransformer 
Emergency Overloading Practice 


L. W. CLARK 

MEMBER AIEE 


Synopsis: Although much has been written 
in recent years regarding allowable over¬ 
loading of transformers, the practical mat¬ 
ter of matching existing load curves with 
such allowable limits has continued to pre¬ 
sent some difficulties. The interim report 
of the AIEE transformer subcommittee 
gives one approach to the problem, taking 
into account the ambient temperature and 
the duration of the overload. However, in 
order to take full advantage of the trans¬ 
former's inherent load-carrying ability, it is 
necessary to consider additional factors such 
as the individual transformer characteristics 
and the specific shape of the overload curve. 

This paper shows a method by which all 
of the influencing factors can be taken into 
account easily. Allowable overloads thus 
determined are often considerably higher 
than those indicated by the AIEE method. 
The application of the proposed method is 
sufficiently simple tp justify a semiannual 
analysis of expected overloads with respect 
to substation-transformer emergency rat¬ 
ings. It consists in 

1. Determining the allowable 24-hour steady over¬ 
load that can be carried by the transformer without 
exceeding certain agreed-upon limits. 

-■ Converting the specific load curve to a 24-hour 
steady load which would cause equal aging of the 
transformer insulation. 

In this manner both the transformer load- 
carrying ability and the actual irregular 
load are reduced to a common basis for 
ready comparison. A 24-hour overload 
period is ordinarily of ample duration to al¬ 
low for replacement or repair of faulty 
equipment. 

Xomopaphs are included for quick de¬ 
termination of allowable transformer 24- 
hour overloads, taking into account ambient 
temperature, top-oil rise, average copper 
rise, and ratio of copper to core loss. Em¬ 
pirical multipliers are also given which 
facilitate the conversion of the load curve 
to equivalent 24-hour steady load in no more 
time than it would take to calculate load 
factor. 


Jk LLOWABLE overloading of trans- 
fanners during emergency conditions 
has received considerable attention dur¬ 
ing recent years, and many valuable 
papers on the subject have appeared in 
the technical literature. The object of 
this paper is to describe the method de- 
veloped by The Detroit Edison Company 
for determining the allowable emergency 
overloading of substation transformers. 

In any consideration of allowable 
transformer overloading, there are three 
factors which must be taken into account: 


namely, the magnitude of the overload, its 
duration, and its frequency of occur¬ 
rence. The magnitude of the overload 
is dependent upon the number of trans¬ 
former units in a substation, the duration 
is dependent upon the time required for 
replacement or repair of faulty equip¬ 
ment, and the frequency of occurrence 
must be obtained from experience records. 

Magnitude of Overload 

Many substations consist of two or 
more transformers, or transformer banks, 
of equal size arranged in such a way that 
each may carry a normal day-to-day load 
of a value somewhere near its name-plate 
rating. When a transformer fails, or other 
trouble develops causing that unit to be 
shut down, it is obviously desirable that 
the remaining units of the substation have 
sufficient overload capacity to carry the 
entire load until the defective unit can 
be replaced or other trouble repaired. 
This means in the case of a substation 
having only two transformer units, it 
would be highly desirable that each unit 
have an emergency rating equal to about 
twice its allowable day-to-day loading. 
Where there are three or more trans¬ 
former units in the substation, the emer¬ 
gency rating of each can be correspond¬ 
ingly lower. 

There are also many suburban-type 
substations each consisting of a single 
bank of three single-phase transformers, 
connected in delta delta. In case of fail¬ 
ure of one of these transformers, it is 
customary to cut it out of service, leav¬ 
ing the remaining two to carry the load 
in open delta until the defective trans¬ 
former can be replaced. In these cases 
the emergency rating of the transformers 
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should be about 70 per cent greater than 
their allowable day-to-day loading. 

Duration of Overload 

It is the practice of the company to 
keep a limited number of emergency 
spare transformers of appropriate sizes 
at strategic locations for use in the event 
of failure of operating units. Experience 
has shown that a defective transformer, 
other than a very large unit such as in¬ 
stalled at bulk power step-down stations, 
can usually be replaced with a spare 
within about 24 hours. 

Frequency of Occurrence 

Substation records indicate that trans¬ 
former failures can be expected about once 
every 16 years per substation. If the 
transformer is radially fed by under¬ 
ground cable, the expectancy of cable 
failure must also be taken into account; 
likewise, any other failures that may re¬ 
sult in the loss of a transformer from the 
system must be considered. Conse¬ 
quently, it has been assumed that, all 
things considered, any one transformer 
unit may be subjected to emergency op¬ 
eration not oftener than about once every 
five or ten years. 

Need for Simple Method 

In much of the technical literature on 
the subject of transformer overloading 
it has been the practice to express allow¬ 
able emergency overloads in terms of 
steady loads of given durations following 
either a period of no load or a period of 
full load. The recent interim report of the 
AIEE transformer subcommittee, dated 
June 22, 1942, follows this same plan. 
While this defines the load-carrying 
ability of the transformer in quite specific 
terms, the expression is not wholly com¬ 
patible with the irregular shape which 
characterizes the majority of actual load 
curves. 

By means of the so-called rigorous 
method, based upon the generally ac¬ 
cepted theory governing transient changes 
in oil and copper temperature with chang¬ 
ing transformer load, it is possible to 
determine whether it is feasible to carry 
an overload of any given shape and mag¬ 
nitude. While this method is useful in 
checking isolated cases, it is far too cum¬ 
bersome and time consuming for routine 
application in connection with hundreds of 
transformer installations. 

The method described in this paper is 
comparatively simple and its application 
requires little time. It consists in first 
expressing the allowable transformer 
overload in terms of a steady 24-hour 
load, and then converting the potential 
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overload curve to a steady 24-hour load 
of such magnitude that it will cause the 
same insulation aging as the irregular 
curve. Thus the transformer capabilities 
and the potential overload are reduced to 
a common basis for ready comparison. 

Allowable Emergency Transformer 
Overloading 

The well-known “eight-degree rule,” 
which states that the rate of insulation 
aging doubles for each eight degrees 
centigrade increase in temperature, has 
been generally accepted as a rough meas¬ 
ure in determining the life of transformer 
insulation under varying temperature 
conditions. There are fairly wide vari¬ 
ations from the strict application of the 
rule, as shown by tests of F. M. Clark. 1 
There is also no definite generally ac- 



PERCENTAGE OF TRANSFORMERS 

Figure 1. Variation in load-carrying ability of 
126 substation transformers ranging in size 
from 100 to 10,000 kva 

cepted bench mark from which to start. 
L. C. Nichols 2 shows l x / 3 years' life for 
105 degrees centigrade temperature com¬ 
pared with V. M. Montsinger’s 3 seven 
years’ life for the same temperature. 

In the practice adopted by The Detroit 
Edison Company, the allowable emer¬ 
gency overload capacity of transformers 
has been based upon the “eight-degree 
rule" and Nichols’ 2 life curve including 
safety factor. Montsinger’s 3 curve could 
have been used just as well. No brief is 
held for either curve; both' are based on 
the “eight-degree rule,’’ and neither au¬ 
thority claims to foretell with any degree 
of accuracy the actual transformer life. 
By following either curve and using a 
reasonable hot-spot temperature as a 
guide, all transformers can be treated 
alike and subjected to a uniform degree 
of insulation aging during emergencies. 

On the basis that the emergencies 
occur only once in five or ten years and 
last for a single 24-hour load period, it 
was thought reasonable to allow one per 


cent life consumption for each 24-hour 
emergency. This was found on Nichols’ 
curve to correspond to a hot-spot tem¬ 
perature of 120 degrees centigrade for 
24 hours, which was considered to be a 
reasonable average value provided that: 

1. The maximum hot-spot temperature never ex¬ 
ceeds 150 degrees centigrade. 

2. The maximum top-oil temperature never ex¬ 
ceeds 115 degrees centigrade. 

Investigations showed that with the 
worst conditions expected to be encoun¬ 
tered these upper limits would not be 
exceeded. As an over-all rule it was de¬ 
cided that under no conditions should the 
peak load on a transformer be allowed to 
exceed 200 per cent of name-plate rating. 

Variations in Transformers 

Experience indicates that there is con¬ 
siderable variation in temperature rise 
and corresponding load-carrying ability 
between different transformers of the 
same name-plate rating. One can well 
afford to take advantage of this extra 
marginal capacity. Figure 1 shows the 
variation in load-carrying ability of 126 
substation transformers ranging in size 
from 100 to 10,000 kva. The 126 trans¬ 
formers are compared with a “standard" 
55 degree centigrade rise transformer 
having a 45 degree centigrade top-oil 
rise and a ratio of full-load copper loss to 
iron loss of two. It is seen that about 50 
per cent of the transformers studied per¬ 
mit five per cent greater continuous loads 
than the 55 degrees centigrade trans¬ 
former and, that five per cent of the trans¬ 
formers permit 13 per cent greater con¬ 
tinuous loads without exceeding the 
allowable temperature limits. 

The transformer variables which de¬ 
termine the amount of overload that can 
be carried without exceeding a given 
hot-spot temperature rise are top-oil rise, 
average copper rise, and ratio of copper 
loss to core loss. The ambient tempera¬ 
ture then fixes the actual hot-spot tem¬ 
perature and resultant insulation aging. 


Ambient Temperatures 

United States Weather Bureau statis¬ 
tics for the Detroit area show that summer 
(May through October) ambient tem¬ 
peratures seldom exceed 35 degrees 
centigrade. Similarly, for winter (Decem¬ 
ber through February) there are a few 
days with ambient temperatures as high 
as 13 degrees centigrade. On the basis 
of these records the summer and winter 
ambient temperatures selected for estab¬ 
lishing allowable emergency transformer 
loading were 35 degrees centigrade and 
13 degrees centigrade, respectively. 

Nomographs 

As a means for determining quickly the 
allowable 24-hour emergency loading of 
transformers for the chosen ambient 
temperatures, the nomographs shown in 
Figures 2 and 3 were developed. They 
are based on the following generally ac¬ 
cepted fundamental relationship: 

/l4- iV7? 2 \ °- 8 

rte=r/ \1+F/ + r cuR' i +T a (1) 

where 

7/^ = hot-spot temperature, degrees centi¬ 
grade 

Tf— top-oil rise at full load, degrees centi¬ 
grade 

ratio of copper loss to core loss at full 
load 

R ~ ratio of load to name-plate rating 
7^ = copper rise above top oil at full load 
plus ten degrees centigrade allowance 
for hot-spot differential, degrees centi¬ 
grade 

T a ~ ambient temperature, degrees centi¬ 
grade 

To demonstrate the use of the nomo¬ 
graphs, two examples are shown in dashed 
lines for self-cooled transformers, A and 
B, having the characteristics shown in 
Table I. 

Figure 2. Nomograph for determining allow¬ 
able summer emergency overload capacity of 
self-cooled transformers 
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Table I 


Transformer A Transformer B 


Name-plate rating. . 500 kva .. .1,500 kva 

Copper loss.4,070 watts . . .10,850 watts 

Core loss.1,750 watts .. . 4,296 watts 

Sf .2.32 ...2.53 

lop-oil rise. 41.5 degrees. . .35.2 degrees 

centigrade centigrade 
Average copper ..9.5 degrees ...6.0 degrees 
rise above top centigrade centigrade 
oil 

Weight of core and. .3,200 lb . . .9,700 lb 
coils 

Weight of tank .1,600 1b ...4,950 1b 

Weight of oil.2,200 1b ...6,050 1b 


The procedure consists of first locating 
the point of intersection of a vertical line 
from the upper scale of top-oil rise with a 
horizontal line of the proper N value. 
Then line up a straight edge between this 
point and the top-oil rise on the bottom 
scale. With the straight edge held in this 
position, its intersection with the curve 
for the proper copper rise above oil deter¬ 
mines the allowable 24-hour steady load. 
This value, expressed as per cent of name¬ 
plate rating, is read by projecting the 
point of intersection horizontally to the 
scale on the left. 

From the nomographs for summer and 
winter conditions, the allowable 24-hour 
steady overloads for the two examples are: 



Transformer A 

Transformer B 


(Per Cent) 

(Per Cent) 

Summer. 


.141 

Winter. ..... 

.146. 



Load-Curve Conversion 

As stated before, it is difficult to com¬ 
pare an irregular-shaped overload curve 
with values of allowable transformer over¬ 


loads. However, by converting the actual 
overload curve to an equivalent steady 
aging load, it can be compared directly 
with the allowable 24-hour steady load 
previously determined for the trans¬ 
former. To do this, the 24-hour day is 
divided into three parts: morning, after¬ 
noon, and evening. An average load is 
obtained for each of these periods in the 
following manner. The average of the 
three highest consecutive hourly readings 
any time between midnight and noon is 
designated as the average morning load. 
The average of the three highest consecu¬ 
tive hourly readings any time after noon 
and up till 9 p.m. is designated as the 
average afternoon load. The average of 
the three highest consecutive hourly read¬ 
ings any time between the selected after¬ 
noon readings and midnight is designated 
as the average evening load. There is no 
fixed time for dividing afternoon from 
evening. The three groups of consecutive 
hours should be so selected that the re¬ 
sultant equivalent aging load obtained 
by substituting the three average loads in 
the following formula is a maximum: 

EAL = 0. lOZmin +0.30Z int +0.52Z m ax (2) 

where 

EAL — equivalent steady aging load 
Zinin = the smallest of the three average 
loads 

Zint — the intermediate of the three average 
loads 

Zmax = the largest of the three average loads 

Three general examples are shown: 
Figure 4 for typical industrial winter 
load, Figure 5 for typical combined in¬ 
dustrial and residential summer load, 
and Figure 6 for typical residential sum¬ 
mer load. In each of these figures, curve 
2 is the equivalent steady aging load 


Top-Oil Rise At Full Load,C 13CAmbient 



Figure 3. Nomo¬ 
graph for determin¬ 
ing allowable winter 
emergency overload 
capacity of self- 
cooled transformers 



Figure 4. Typical industrial winter load and 
allowable emergency overload of trans¬ 
former A 

1. Potential winter emergency transformer 
overload based on existing substation load, 

per cent 

2. Equivalent steady aging load of curve 1, 

per cent 

3. Allowable 24-hour steady winter over¬ 

load of transformer A, per cent 

4. Maximum allowable winter overload, per 

cent 

5. Hot-spot temperature corresponding to 
overload curve 4, degrees centigrade 

corresponding to the potential irregular¬ 
shaped overload, curve 1. 

Considering the industrial winter load, 
curve 1 of Figure 4, the 9, 10, and 11 
o’clock readings are averaged to give an 
average morning load of 123 per cent of 
name-plate rating of the transformer 
carrying the load during the emergency. 
Similarly, the 1, 2, and 3 o’clock readings 
give an average afternoon load of 129 per 
cent and the 4, 5, and 6 o’clock readings 
give an average evening load of 98 per cent 
of name-plate rating. 

Then, according to formula 2. 

EAL = 0.10X98 per cent+0.30X123 
per cent+0.52X129 per cent=114 per 
cent of name-plate rating as shown by 
curve 2 in Figure 4. Thus, this particular 
load which has a peak of 131 per cent 
will cause the same amount of transfor¬ 
mer aging as a steady 24-hour load of 
114 per cent. 

Assuming that this overload is to be 
carried by transformer A previously re¬ 
ferred to, its allowable emergency over¬ 
load capacity, 146 per cent, has been 
shown in Figure 4 as curve 3. ' A com¬ 
parison of these two values, 114 per cent 
and 146 per cent, indicates that the trans¬ 
former has ample overload capacity under 
these conditions. 

The maximum load of the shape shown 
by curve 1 in Figure 4 that can be carried 
by the transformer is obtained readily by 
direct proportions and is shown by curve 
4. In other words, the maximum peak 
load that can be carried by the trans-. 
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former under these conditions is the peak 
of curve 1, 131 per cent, multiplied by the 
ratio, 146/114 which gives 168 per cent 
load in terms of name-plate rating. So 
much for transformer A . 

Next, it is assumed in Figures 5 and 6 
that the loads shown are to be carried by 
transformer B, and, correspondingly, 
curves 4 and 3 show the transformer capa¬ 
bilities to be compared respectively with 
the potential load curve 1 and its equiva¬ 
lent, curve 2. 

Accuracy of Method 

The load-curve conversion method de¬ 
scribed above, which may be referred to 
as the short-cut method, is intended only 
for use with load factors in the usually 



AM PM 


Figure 5. Typical industrial-residential sum¬ 
mer {pad and allowable emergency overload 
of transformer B 

1. Potential summer emergency transformer 
overload based on existing substation load, 

per cent 

2. Equivalent steady aging load of curve 1, 

per cent 

3. Allowable 24-hour steady summer over¬ 

load of transformer B, per cent 

4. Maximum allowable summer overload, per 

cent 

5. Hot-spot temperature corresponding to 
overload curve 4, degrees centigrade 

encountered range of 50 to 90 per cent. 
The great majority of load curves fall in 
this range. When a load has 90 per cent 
or better load factor, it is probably safest 
to assume it to be a continuous round-the- 
clock load. Such loads are usually typical 
of electrochemical plants, oil refineries, 
ice plants, and other similar industries 
not too frequently encountered. 

The accuracy of this short-cut method 
has been checked by comparison with the 
rigorous method in which it has been as¬ 
sumed that the hot-spot temperature rise 
of copper over top oil varies as the square 
of the load, that the hot-spot differential 
is ten degrees centigrade at full load, and 


that the top-oil rise under transient load 
conditions varies in accordance with the 
following generally accepted formula: 

6—B u (l—e co “) (3) 

where 

d — top-oil rise at end of time t 
W = total losses 

C=thermal capacity of core and coils, tank 
and oil 

d u — ultimate oil rise (varying as 0.8 power 
of losses for self-cooled transformers) 
e = 2.718 
t = time 

The three examples given in Figures 
4, o 5 and 6 show hot-spot temperatures, 
curve 5, calculated in the above manner 
for the 24-hour allowable emergency 



AM PM 

Figure 6. Typical residential summer load and 
allowable emergency overload of trans¬ 
former B 

1. Potential summer emergency transformer 
overload based on existing substation load, 

per cent 

2. Equivalent steady aging load of curve 1, 

per cent 

3. Allowable 24-hour steady summer over¬ 

load of transformer B / per cent 

4. Maximum allowable summer overload, per 

cent 

5. Hot-spot temperature corresponding to 
overload curve 4, degrees centigrade 

loads, curve 4, determined by the short¬ 
cut method. The hot-spot temperatures 
converted to insulation aging and per 
cent life consumption indicate errors of 
— 1.6 per cent, —2.0 per cent, and + 2.0 
per cent in allowable peak loads for 
the three examples cited. In most cases 
it will be found that the short-cut method 
gives results accurate to within plus or 
minus live per cent in allowable loads. 

Load-Factor Method 

It has been suggested at times that load 
factor be used in determining the ability 
of a transformer to carry a given overload. 
In general, the lower the load factor, the 


higher the allowable peak load; however, 
there are such wide variations in allow¬ 
able peak loads for curves of equal load 
factor but different shape, that load fac¬ 
tor alone cannot be used as a reliable 
indicator. For instance, Figure 7 presents 
plotted data showing the range of allow¬ 
able peak load values for 240 different 
load curves of various shapes and load 
factors, each of which has equal aging 
effect on the transformer insulation. It is 
seen, for example, that for load curves 
having approximately 60 per cent load 
factor, the allowable overloads range 
from 11 per cent to 43 per cent of the 
equivalent steady load. Montsinger 4 
has presented similar conclusions and 
stated that two load curves, each with 50 
per cent load factor, may vary in allow - 



PER CENT LOAD FACTOR 

Figure 7. Range of peak load values for 240 
different load curves of various shapes, each of 
which has equal aging effect on the trans¬ 
former insulation 

able overload from 16 per cent to 40 per 
cent on the basis of equal aging. 

Routine Application of Method 

It has been company practice for a good 
many years to obtain transformer load 
readings from recording ammeters at 
unattended substations and from opera¬ 
tors’ log sheets of hourly load readings at 
attended substations. It was the custom 
to obtain summer and winter peak loads 
from these records and, with some rough 
regard to the number of hours of peak 
load duration, to establish firm ratings 
for each substation. 

In 1939 the short-cut load-conversion 
method of analyzing load curves was 
developed and pul into practice. This 
permitted substation firm ratings to be 
increased materially with safely, because 
it insured uniform treatment of all trans¬ 
formers, irrespective of the shape of the 
load curve. Without this assurance of 
equal treatment and close control, large 
factors of safety were necessary to insure 
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-ait* o|H.Tation of the poorest transformer 
in combination with the most severe load 
curve of any general class. The applica¬ 
tion of this new method requires some 
additional effort when the load curves are 
analyzed, but this effort has proved to be 
more than justified in view of the in¬ 
creased substation firm ratings thus es¬ 
tablished. 

Figure 8 is typical of the continuing 
records kept for all substations. Dexter 
substation is of the suburban type and 
consists of three 333-kva transformers 
connected in closed delta. Under emer¬ 
gency conditions there would be two 
transformers operating in open delta with 
a combined name-plate capacity of 577 
kva. Since 1939, the allowable summer 
peak load has ranged between 151 and 
15S per cent of emergency name-plate 
capacity and the allowable winter peak 
load between 1S7 and 197 per cent, indi¬ 
cating some slight change in the shape 
of the load curve from year to year. In 
this particular case, the summer load is 
the limiting condition as evidenced by the 
j>er cent usage which has increased from 
69 per cent in 1939 to 105 per cent in 
1942, as compared with an increase of 


winter usage from 58 to 86 per cent. 
If the load continues to grow in that com¬ 
munity, the 105 per cent usage for the 
summer of 1942 indicates that a trans¬ 
former change is probably needed before 
the summer of 1943. 

In such, cases the short-cut load-con¬ 
version method is verified by the more 
accurate rigorous method to be sure that 
the change is needed in fact. Compara¬ 
tive calculations of this type, including 
those made during the development of the 
short-cut method, show an average error 
of 0.6 per cent for some 32 cases. In one 
case the error was 9 per cent on the low 
side, in two cases 5.5 per cent on the high 
side, and in all other cases it was well 
within the expected plus or minus 5 per 
cent. 

While not within the scope of this 
paper, mention should be made that all 
substation equipment—not just trans¬ 
formers alone—must be considered when 
studying allowable overloads. Circuit 
breakers, busses, disconnecting switches, 
and all such equipment must receive due 
consideration. 

Figure 8. Typical record of substation loading 


Auxiliary Cooling to Increase 
Emergency Rating 

As stated before, the need for the high¬ 
est emergency rating is in those substa¬ 
tions having only two transformer units. 
Even by working the transformers to the 
24-hour, 120 degrees centigrade hot-spot 
limit, the emergency rating may still be 
inadequate as compared with the normal 
day-to-day loading limit. In such cases, 
auxiliary cooling is sometimes employed 
to increase the emergency rating so that 
it is no longer the bottleneck in substation 
loading. 

Either fans or water spray can be used. 
Where the auxiliary cooling is desired for 
emergency use only and a reliable supply 
of water is available, the water-spray 
method is by far the more economical, 
and at the same time it gives a much 
larger increase in rating. A water-sprav 
ring for a 6,000- or 10,000-kva three- 
phase transformer can be installed for a 
few hundred dollars, and it increases the 
emergency rating some 30 or 40 per cent. 
Figure 9 presents the results of a load 
test on a 6,000-kva transformer showing 
a 37 per cent increase in emergency rating 


WWH* TRANSFORMER LOAD RECORD 

•e »:«» U tin 

Substation 

TRANSFORMER BANK 
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transformer used i 
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HOT-SPOT TEMPERATURE - 


for loads at 120 degrees centigrade hot¬ 
spot temperature. 

Permanently installed fans on large 
transformers usually represent an invest¬ 
ment of thousands instead of hundreds of 
dollars, and, in the 120 degrees centi¬ 
grade hot-spot range, they increase the 
emergency rating a matter of only 10 to 
15 per cent. Portable fans represent a 
much lower investment and have the 
further advantage that one set of fans 
can serve any one of many locations at the 
time of emergency; however, they too in¬ 
crease the emergency rating only mod¬ 
erately. Figure 10 shows comparative 
test data for a bank of three 5,000-kva 
self- and fan-cooled transformers, with 
and without the fans in operation. Here 
it is seen that, in the emergency overload 
range of operation, the benefit from fans 
is relatively moderate. 

Fans do, however, have a definite field 
of application. They are most valuable 
where the day-to-day rating of a trans¬ 
former must be increased, either to fore¬ 
stall the installation of added capacity, 
or to help carry the normal load through 
the hot summer months. Water spray is 
not recommended for day-to-day use and 
should be considered only where the 
emergency rating needs a boost. 

Tests at Bulk Power Step-Down 
Stations 

The company has seven bulk power 
stations, where voltage is stepped down 
from 120 to 24 kv, each consisting of two 
or more transformer banks of 15,000- to 
45,000-kva rating. Load readings from 
these stations are analyzed semiannually 
along with the load readings from dis¬ 
tribution substations. However, in the 
case of bulk power stations when the load 
has reached a value such that the poten¬ 
tial emergency overload approaches the 
calculated limit of the transformers, ac- 



Figure 9. Increase in allowable transformer 
emergency loading by use of water spray, 
based on test of 6,000-kva thr e-phase trans¬ 
former 


Figure 10. Emergency over¬ 
load t st of a bank of three 
5,000-kva self- and fan-cooled 
transformers 

1. Load in per cent of name¬ 
plate rating 

2. Hot-spot temperature, de¬ 
grees centigrade (calculated) 

3. Top-oil temperature, de¬ 
grees centigrade (calculated) 

4. Top-oil temperature, de¬ 
grees centigrade (test) 

5. Ambient temperature, de¬ 
grees centigrade 

6 8 10 f2 2 4 6 8 10 12 2 4 s A 

am pm am pm Average copper tempera¬ 

ture at shutdown (without 

tual field tests are conducted, subjecting fans); 111 degrees centigrade 

each transformer bank and all its related calculation, 107 degrees centigrade by test 
equipment to one emergency overload 7. Average copper temperature at shutdown 

cycle, the equivalent of 24 hours opera- (with fans); 96 degrees centigrade by calcu- 

tion at 120 degrees centigrade hot-spot lation, 98 degrees centigrade by test 

temperature. During the past two years, 
three banks of three 10,000-kva self- 

cooled transformers, and two banks of tests insure that the established 

three 5,000-kva self- and fan-cooled overload limits can be met safely under 
transformers have been tested. Figures more trying conditions of an actual 

10 and 11 show typical results of such emergency. 



tests. Table II shows the comparison 
between calculated and test values for 


Potential Difficulties to Be Avoided 


final top oil and final average copper tem¬ 
peratures. 

These of necessity were field tests, 
the results of which are influenced by 
such uncontrolled factors as the sun and 
clouds, ambient temperature, and wind. 
All tests were started on calm, sunny 
days but conditions sometimes changed 
before the tests could be completed. 
Under the circumstances, the test and 
calculated values were considered to be in 
reasonable agreement. 

The importance of conducting such 
emergency tests cannot be overempha¬ 
sized, even if they do nothing more than 
acquaint the operators with what to ex¬ 
pect when the station equipment is over¬ 
loaded. Tests are bound to bring to light 
unusual conditions that might otherwise 
be overlooked. It is one thing to set up 
emergency-load limits of from 150 to 
200 per cent of name-plate rating for a 
large group of stations, and another to be 
sure that everything in a particular 
station including the bus, circuit break¬ 
ers, cable, current transformers, discon¬ 
nect switches, and so forth, can carry the 
specified overload safely. The anti¬ 
cipated emergency usually is thought of 
as likely to happen at some indefinite 
time in the distant future, the result being 
that certain lesser details are currently 
overlooked. On the other hand, if an 
overload test is scheduled definitely, 
the responsibility for considering every 
possible contingency becomes immediate. 


Experience thus far has indicated the 
possibility of several types of trouble 
during emergency-overload periods, none 
of which is associated with the limits in 
thermal ability of the equipment to carry 
the load safely. Aliy one of these might 
prove serious if first encountered during 
an actual emergency, rather than during 
a staged test. 

Among such possible troubles are those 
related to relaying. It is entirely possible 
that although relay settings may be such 
as to give proper breaker operation for 
any system fault under normal loading 
conditions^ they may cause faulty opera¬ 
tion when the transformers are carrying 
150 to 200 per cent of name-plate rating. 
All possible load and fault combinations 
therefore should be carefully checked. 

Transformer oil will expand beyond 
normal limits when the unit is carrying 
high overloads and may cause trouble, 
particularly in the case of transformers 
served by a common inert gas system 
where the oil is likely to back up into the 
gas equipment. In some cases it has 
been necessary to set up instructions for 
emergency lowering of the oil level in 
order to avoid such occurrence. 

Oil-filled gas-pressure bushings may 
leak because of increased pressure at the 
high temperature if proper adjustment of 
oil level and gas pressure is not made. 

Switchboard ammeters often will be 
found to go off scale during an emergency. 
If there is any time an operator needs to 
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Table II 



Figure 11, Emergency overload test of a bank 
of three 10,000-kva self-cooled transformers 


1. Load in per cent of name-plate rating 
9 . Hot-spot temperature, degrees centigrade 
(calculated) 

3 Top-oil temperature, degrees centigrade 

(calculated) 

4 Top-oil temperature, degrees centigrade 

(test) 

5. Ambient temperature, degrees centigrade 

6. Average copper temperature at shutdown; 
115 degrees centigrade by calculation, 117 

degrees by test 


know the load readings, it is certainly 
during an emergency. Temporary test 
instruments can be used in some cases, 
hut at important stations it is well to 
install a single high-scale ammeter for 
each transformer bank. 

While all tests have been conducted 
at overload ratings equivalent to 24-hours 
operation at 120 degrees centigrade hot¬ 
pot temperature, the firm rating of bulk 


Type 

Bank 

Name-Plate 
Rating (Kilo¬ 
volt-Amperes) 

Final Top-Oil 
Temperature 
(Degrees Centigrade) 

Calculated Test 

Final Average Copper 
Temperature 
(Degrees Centigrade) 

Calculated Test 

Self-cooled . ■ ■ • ■ 

.1 . 

. 3-10,000 _ 

. 108 . 

... 93 _ 

.113 .. 

. 10ft 

Col f r»nnl pd 

.2 . 

. 3-10,000 _ 

. 110 . 

... 101 _ 

.115. 

.117 

Coif r*nr»1 pd 

_3. 

. 3-10,000 . 

. 107 . 

.. .101 _ 

.112. .. 

. 113 

0“U"LUU1CU. 

Col f pnnl pd 

.... 1 . 

. 3- 5,000 _ 

. 85 . 

... 78 _ 

.118 . 

. 113 

vJCll"LUUitU • • « * « 

Coif paaIpH 

_ 2 . 

. 3- 5,000 . 

. 80 . 

... 73 .... 

.Ill. 

. 107 

Fan-cooled . 

. 2 . 


. 65 . 

... 65 _ 

. 96 . 

98 


power stations has been based upon one 
week’s operation at 112 degrees centi¬ 
grade hot-spot temperature. More time 
is thus allowed for the replacement of a 
faulty unit in these stations. The trans¬ 
formers are large and not too easily trans¬ 
ported. Some two hundred distribution 
and industrial-type substations with 
their smaller and more easily handled 
units are given a firm rating based on the 
24-hours operation at 120 degrees centi¬ 
grade hot-spot temperature. 

Conclusions 

Allowable emergency overloads for 
substation transformers, as determined 
by the method outlined, have been used 
for only a few years in establishing the 
firm ratings of substations, and thus no 
large amount of experience has yet been 
accumulated. While the maximum tem¬ 
perature limits selected may appear to be 
high compared with earlier practice, it 
does not follow that such limits always 
will be reached during an emergency. 
Rather, these limits have been set as 


ceilings that may be encountered only if 
an emergency occurs under the worst 
combination of circumstances. 

If future experience indicates the 
wisdom of lowering these limits, that can 
be done easily without changing basically 
the method described. Meanwhile, and 
particularly during the war, the savings 
in critical materials and in investment 
made possible by the higher substation 
firm ratings, should more than offset any 
isolated cases of abnormal life consump¬ 
tion. 
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Kilowatts, Kilovars, and System 
Investments 

J. W. BUTLER 

MEMBER AIEE 


W HAT portion of the total system 
investment can one equitably allo¬ 
cate to the system kilovar requirements? 
Or, looking at it in a little different way, 
what portion of the system kilowatt 
capacity is used by kilovars ? The answer 
to these questions obviously depends 
upon the method of supplying the kilo¬ 
vars. It is indicated in this analysis 
that supplying the kilovar requirements 
of a system in general may be divorced 
from supplying the kilowatt requirements 
and that the two factors may be dealt 
with as independent commodities. This 
approach shows that maximum usage of 
system capacity is made in producing 
kilowatts. 

This two-commodity concept has de¬ 
veloped very rapidly during the past 
decade. Until the advent of the present- 
day capacitor, kilovars were largely sup- t 
plied by kilowatt generators in the power 
plant and transmitted to the point of 
consumption. Synchronous condensers, 
by providing regulated kilovars, were 
used primarily for regulating high- 
voltage transmission lines. Smaller ones, 
however, have been used on occasions by 
central stations and industrials for supply¬ 
ing kilovars locally. It is on this basis 
that systems were designed and largely 
operated. The availability of a low-priced 
kilovar generator—called a capacitor— 
has contributed materially to the accept¬ 
ance of the two-commodity philosophy. 
This concept will now be developed and 
its relation to our immediate objectives 
indicated. 

An electric system is built and oper¬ 
ated for the purposes of serving con¬ 
sumers with electric service. A consumer 
basically wishes—in addition to light, 
heat, and so forth—-for his motor to spin 
and do work for him. It so happens that 
this service requires two types of electric 
energy. The major type, which is also 
the real pay load on a system, is known as 
active or kilowatt component. 

It is this component that turns the 
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lathes, grinds the flour, produces air¬ 
planes, and turns out the finished product 
for the consumer. The other type of 
energy known as reactive or kilovar com¬ 
ponent is the type that is needed to mag¬ 
netize transformers and induction motors 
or any type of electric apparatus needing 
magnetic flux supplied by the power sys¬ 
tem in order to function. This latter 
type of energy does not cause the disk of a 
watt-hour meter to turn, but it can use 
system kilowatt capacity to generate it 
and deliver it to the consumer. The 
amount of system kilowatt capacity re¬ 
quired to provide this kilovar requirement 
is obviously determined by the method of 
supplying it, which may be done in either 
of two ways or by a combination of them 
both: 

1. By producing it in the kilowatt genera¬ 
tors in power plants and transmitting it 
through the system to the point of consump¬ 
tion. 

2. By producing it in auxiliary kilovar 
generators, such as capacitors, synchronous 
motors, and synchronous condensers, which 
generally are located at or near the load, 
and therefore, the problem of delivering 
them to where they are needed is solved. 

An analysis of these two methods of 
supplying kilovars is given in the follow¬ 
ing section. 

Basic Assumptions 

Although several minor assumptions 
are used in the body of the paper as the 
occasion arises, the three basic ones given 
herewith obtain throughout: 

1. That the total system investment may 
be segregated and allocated separately to 
generating equipment and to equipment 
having either voltage drop or current mag¬ 
nitude as the factor which determines its 
limiting output rating. Obviously a certain 
portion of the total investment may not fall 
logically into one of these three classifica¬ 
tions, but it is felt that the error introduced 
by this assumption is small. 

2. That steam and hydraulic turbine gen¬ 
erator units can deliver their full kilovolt¬ 
ampere rating at unity power factor in a 
sufficiently large majority of the cases to 
permit its acceptance as a general fact, par¬ 
ticularly as the error in this assumed fact 
will have a negligible effect on the conclu¬ 
sions. 

3. That the progressively increasing kilovar 
requirement—the system PX —because of 


current flowing through the reactance of the 
system from the load to the generator be 
neglected. In other words, only the kilovar 
requirements of the load are used in plotting 
the data. This means that still more of the 
system investment really should be charged 
to the flow of kilovars when it is supplied 
by kilowatt generators. This assumption 
offsets to a large extent the errors introduced 
by assumptions 1 and 2, as this neglected 
component can amount to a large portion of 
the load requirements in particular in¬ 
stances. 


General Conclusions 

1. Kilowatts and kilovars can be dealt with 
most economically as two independent com¬ 
modities using separate generators, in the 
general case. The amount of system facili¬ 
ties used by both in getting from generating 
source to load is determined by the economic 
balance between the added cost of the facili¬ 
ties and the increasing costs of lower-voltage 
smaller-size capacitor units required for con¬ 
nection adjacent to load. 

2. A value of two to six per cent of the 
-system investment is chargeable to the 
kilovar requirement when it is supplied 
near the load by auxiliary kilovar genera¬ 
tors as contrasted to 20 to 25 per cent when 
supplied by kilowatt generators in the power 
stations for systems operating around SO 
per cent power factor. 

3. If rates are established for kilovars 
based oil the cost of supplying them by 
kilowatt generators, they will provide an 
excessive inducement for the consumer to 
generate his own kilovars. The important 
system design and operating factor of kilo¬ 
var control will then tend to pass out of the 
hands of the operating company into the 
hands of the consumer. This tendency is 
aggravated by each price reduction on kilo¬ 
var generators, and their price today is only 
about 25 per cent of the 1929 level. 

4. Approximately 330 pounds of critical 
materials are required to produce one kilovar 
when supplied by kilowatt generators and 
delivered through the system, as compared 
to five pounds (includes all mounting struc¬ 
tures, housings, dielectric liquid, paper, and 
so forth) when supplied by capacitor kilo¬ 
var generators near the load. Even dividing 
this ratio by a factor of 10 to allow for errors 



Figure 1. Allocation of system capacity 
usage when voltage drop is limiting factor 
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in assumptions leaves a sufficiently large 
differential to substantiate the conclusion 
that kilovars in general should be produced 
by special generators near the load. 

Analysis 

I. Kilovars Supplied by Kilowatt 
Generators and Transmitted 
Through the System 

Since a system can deliver its maximum 
pay load when operating at 1.0 power 
factor (if there is no stability limitation), 
this part of the discussion will be based 
on the viewpoint that the extent to which 
this maximum kilowatt capacity is re¬ 
duced by the need for supplying kilovars 
determines the amount of system capac- 


to 70 per cent of the system voltage- 
limited capacity is consumed by the kilo¬ 
vars of an 80 per cent power-factor load in 
circuits having an X/R ratio of 0.5 to 3.0 
respectively. 

2. Where Ampere Capacity Is Limit¬ 
ing Factor. A piece of equipment such 
as a transformer, a regulator or a cable, 
having current magnitude as its limiting 
factor, can deliver full kilovolt-amperes 
at 1.0 power factor, that is, its full rating 
in kilowatts. At any other given power 
factor it can deliver only that fraction of 
its full kilowatt rating represented by the 
power factor; for example, at 0.8 power 
factor it can deliver 0.8 of its rating in 
kilowatts. Hence, for a given thermal 
(or ampere capacity), the portion of the 



figure 2. Allocation of system capacity Figure 3. Allocation of steam-turbine-gen 

usage when ampere capacity is limiting factor erator capacity usage 


obtaining peak capacity. Therefore, it 
is felt that one reasonably may assume 
that a fair portion of the units in service 
today will deliver full kilovolt-amperes 
at 1.0 power factor and could be so oper¬ 
ated if other sources for kilovars were made 
available. Some units admittedly have 
limitations such as end structure heating, 
when operating at increased power factor, 
and therefore each case should be checked 
specifically in determining its limits in 
this respect. 

That this philosophy of operation and 
the possibilities ascribed to it in the pre¬ 
ceding paragraph are reasonable is sup¬ 
ported by the following quotation: 1 

"Table I shows the present turbine-genera¬ 
tor capacities as of December 8, 1941, total- 



Figure 4. Allocation of hydroelectric-turbin 
generator capacity usag 


ity consumed by the kilovar generation. 
With this premise, the equipment of a 
system naturally divides itself into three 
groups, as determined by the different 
ways in which kilovars use system kilo¬ 
watt capacity, namely: 

1. Equipment such as overhead lines 
wherein voltage drop is the limiting factor. 

2. Equipment such as transformers and 
cables wherein ampere capacity and there¬ 
fore thermal loading are the limiting factor. 

. Generating equipment whose output is 
himted by thermal loading in either armature 
or field, depending upon the operating power 
factor and machine design. 

1. Where Voltage Drop Is Limiting 
Factor. Equations can be derived 
which will give for any specified condition 
the fraction of the total drop caused by 
active and reactive current. On the basis 
that each component uses system capacity 
m proportion to its effect on voltage drop 
ttese equations give directly the fraction 
o the total capacity in this type of equip¬ 
ment consumed by each. Such relations 


capacity used by the active current is 
simply the per-unit power factor, and that 
portion used by the reactive current is 
unity minus the per-unit power factor. 
This division in the usage of the system 
capacity is on the basis of the kilowatt 
capacity used by each. These relations 
are shown plotted in Figure 2 for various 
power factors. 

3. Thermal Capacity of Generators. 
This case is somewhat complicated by the 
fact that a generator is designed for 
operation at a predetermined power 
factor, and by the limitations of the prime 
movers, cooling water, steam facilities, 
and so forth. However, a frequent prac¬ 
tice m respect to turbine-generator rat¬ 
ings is. to install 0.8 power-factor genera¬ 
tors with turbines good for 5/4 generator 
name-plate kilowatt capacity. This pro¬ 
cedure permits 125 per cent name-plate 
kilowatt output to be delivered at 1 0 
power factor. For several years it has 
een the practice to furnish 0.8 power- 
actor turbogenerators to utilities on this 


t ^ ^ctor and^TarioTf Z/7of It 

the circuit. These curves show that 30 Z T many utilities h *ve specifically 

30 required units so rated in the interests of 


: curves show that 30 
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ing 919,550 kw, which is greater than the 
original kilowatt ratings by 20 per cent/pri- 
marily because of increases in power-factor 
ratings." 

This paper is a report on the kilovar- 
supply program of the Public Service 
Electric and Gas Company of New Jersey. 

The above discussion also applies to 
modern 0.8 or 0.9 power-factor hydro¬ 
electric units, and so for the purposes of 
this discussion, the capacity of the sta¬ 
tion in kilowatts will be taken as the sta¬ 
tion rating at 1.0 power factor. The kilo¬ 
watt capacity reduction from this base 
rating caused by the flow of kilovars will 
be allocated to the kilovars flowing. 

Representative data for steam and 
hydroelectric generators, giving their out¬ 
puts at reduced power-factor loadings, 
were studied from which the kilowatt out¬ 
put for various power factors and hence 
the reductions from base kilowatt rating 
were determined. These results are 
shown plotted in Figures 3 and 4. 

These data present a reasonable allo¬ 
cation of the portion of each class of 
equipment capacity actually being used 
by active and reactive kilovolt-amperes 
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during peak load conditions for various 
power factors. It is interesting now to 
speculate as to what portion of the total 
system investment is used—within these 
assumptions—in serving kilovars for 
different power factors in a few chosen 
systems. 

Table I is a summary of the classifi¬ 
cations of system investments for various 
types of equipment as compiled by the 
Federal Power Commission in 1939, for 
three representative systems. From these 
data the fraction of the total system in¬ 
vestment in each type of equipment con¬ 
sidered in this study may be tabulated. 

Weighting these percentages by the 
amounts of each type of equipment that 
is consumed by kilovars at various power 


always be placed adjacent to the re¬ 
quirement, some system capacity should 
be charged against them so a figure of $15 
will be added, making $25 as an unques¬ 
tionable outside cost of kilovar generators. 
Numerically, the use of separate kilovar 
generators means that a much smaller 
fraction of the total system investment is 
chargeable to reactive kilovolt-amperes. 
Since the kilowatt investment in a system 
may readily vary around $400, the fraction 
of total system investment chargeable to 
kilovar—for correcting the loads to 1.0 
power factor—over a range of system 
values—has been calculated and is shown 
plotted in Figure 6. 

Figures 5 and 6 give at a glance the wide 
variation in the fraction of the total sys- 


in Washington, D, C., June 1907) pages 
81-83. 

"With the rapid increase in the industrial 
use of induction motors and in arc lighting 
by alternating current, the troubles incident 
to low power factor, in systems not designed 
for it, have become unfortunately familiar.” 

Low power factor has two serious results: 
It limits the capacity of the electrical part 
of the system by loading it up with unpro¬ 
ductive current—current for which no 
revenue is obtained; and it means poor 
voltage regulation.” 

The rating of electrical apparatus depends 
primarily on the heating produced by the 
load, and this heating depends entirely on 
the current. The kilowatt load, therefore, 
unless the corresponding power factor is 
taken into account, is not a measure of the 
actual load on the apparatus.” 


Table I. Classification of System Investments 


Com¬ 

pany 

A 


Com¬ 

pany 

B 


Com¬ 

pany 

C 


? r te 5 m -;.0.104. . .0.335. . .0.452 

Hydroelectric.0.334. . .0.011. . .0 


.0.099...0.169...0.005 


Transmission (current 

limit). 

Transmission (voltage- 

drop limit).0.134. . .0.039. . .0 

Distribution (current 

,J imit ).0.203. . .0.293. . .0 526 

Distribution (voltage- 

drop limit).0. 126... 0.153... 0.017 


Total. 


- 1.00 ... 1.00 ... 1.00 


Data taken from book compiled by Federal Power 
Commission, 1939, “Statistics of the Electric 
Utilities in the United States.” 


factors as shown in the data of Figures 1 
to 4, one can determine what fraction of 
the total system investment is being used 
by reactive component for the three types 
of systems listed in Table I. Part I of 
the appendix develops the method for 
consolidating these data. 

Consolidating these figures as suggested 
in the foregoing and assuming an over-all 
figure for X/R of 1.0 for voltage-limited 
equipment and 0.8 power-factor genera¬ 
tors, the interesting data on Figure 5 are 
obtained. The results are surprisingly 
similar for the three rather different types 
of systems chosen. These curves indicate 
that 20 to 25 per cent of the system in¬ 
vestment can be charged reasonably to 
the kilovar requirements when kilovars 
are supplied from generators operating at 
0.8 power factor. 

II. Kilovars Supplied by Auxiliary 
Kilovar Generators at or Near 
the Load 

Kilovar generators can always be 
located any place on any system at 
essentially a constant cost per kilovolt¬ 
ampere of something less than ten dol¬ 
lars. Since these generators cannot 



Figure 5. Fraction of system investment 
chargeable to kilovars when they are supplied 
by kilowatt generators and transmitted through 
the system to the load 


tern investment chargeable to kilovar 
requirements for the two concepts. A 
value of two to six per cent of the system 
investment is chargeable to the reactive 
component when supplied near the load, 
as contrasted to 20 to 25 per cent when 
supplied by the kilowatt generators in the 
power stations for system loads around 
80 per cent power factor. 

Discussion 

1. General 

These figures indicate that a tremen¬ 
dous amount of relatively high-cost sys¬ 
tem kilowatt capacity is used by kilovars 
when it is supplied at a point distant from 
the load—presumably by kilowatt genera¬ 
tors. This is a well-known and long- 
established fact as evidenced by the 
following extracts taken from the Pro¬ 
ceedings of the 13th convention of Na¬ 
tional Electric Light Association, (held 
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" $ 350 •' 

" $400 " 





Figure 6. Fraction of system investment 
chargeable to kilovars when complete load 
kilovar requirement is supplied at or near the 
load 


The second injurious effect of low power 
factor is poor voltage regulation. This ef¬ 
fect is well known and requires no extended 
explanation.” 

These facts, however, although they 
have been known since the turn of the 
century, are just beginning to exert ja 
real influence on the design and operation 
of power systems. Until the present 
period expansions were made beyond the 
immediate requirements to allow for 
normal expected growth and to cover new 
areas or to give necessary reliability. 
These practices provided margins there¬ 
fore that could—for some time—be used 
by the kilovar requirements without im¬ 
pairing the kilowatt capacity. 

The developments in the distribution 
field, such as load-center and unit- 
substation equipments and the advent of 
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the low-priced kilovar generator—the 
capacitor—have changed this picture. 
Conditions are different now and should 
be so recognized. The expansion era is 
tapering off, and the war effort in particu¬ 
lar is requiring that we get the most 
out of every bit of system capacity. 
The “injurious effects of low power 
factor” referred to in 1907 need not now 
be felt by the relatively high-cost kilo¬ 
watt investment equipment. As out¬ 
lined, the cost of kilovar generators is 
such that they can now be installed any 
place on a system at approximately ten 
dollars per kilovolt-ampere. In some 
cases the reactive component cannot be 
supplied right at the load, and so some 
additional system-investment allocation is 
required, but taking an outside figure of 
$25 per kilovolt-ampere still leaves plenty 
of margin to show the fallacy of attempt¬ 
ing to use the system for transmitting kilo- 
vars to the loads from the generating sta¬ 
tions. 


and substation capacity is being used by 
the reactive component that could be used 
in producing kilowatts. The relation be¬ 
tween these facts and our immediate ob¬ 
jectives is considered sufficiently self- 
evident to require no further amplifica¬ 
tion. 


3. Effect on System Design and 
Operation During Normal Times. 


2. Relation to the Immediate 

Objectives 

Looking at the situation from a critical- 
material standpoint, the picture is about 
as follows: Assuming approximately $400 
per kilowatt of capacity for power-system 
investment, and 25 per cent of this figure— 
or $100 as previously developed—as 
being allocated to the kilovar require¬ 
ment at 0.8 power factor when it is fur¬ 
nished by the system as a whole, and 
further estimating the power system as 
averaging 50 cents per pound of electric 
equipment would mean approximately 
200 pounds of equipment to provide 0.6 
kilovar or approximately 330 pounds per 
kilovar. Contrast this with one kilovar 
being supplied by capacitors with approxi¬ 
mately five pounds of material at most, 
including mounting, housings, dielectric 
liquid, paper, and so forth. We won¬ 
dered why Japan has for several years in¬ 
stalled capacitors in very large banks, 
such as one installation having 100,000 
kwa at a single location.* The answer 
is obvious when vital materials are really 
needed and are being used for other pur¬ 
poses, as apparently they were. 

. 0ur imm ediate concern in the war effort 
is to make available the maximum kilo- 
watts fr 0m existing facilities. The possi¬ 
bilities m this respect through the use of 
auxiliary kilovar generators are readily 
apparent, and in many locations advan¬ 
tage is being taken of the indicated 

* But it; is generally accepted 
that still a majority of the kilovar require¬ 
ments of the country are being supplied 

™ att generators, which means 
aluable system generation, transmission 


by 

V 
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If a system is set up and operated on 
the basis of supplying the bulk of its re¬ 
active requirements from the power gen¬ 
erators, and rates are instituted accord¬ 
ingly in an endeavor to encourage the 
consumer to generate his own kilovars, 
several interesting angles present them¬ 
selves. System kilowatt investment costs 
are relatively stable, and so the cost of 
delivering kilovars by the system as a 
whole remains substantially constant, 
but at a high level as indicated by Figure 
5. With rates established for kilovars 
based on these costs, it would be very 
profitable obviously for a consumer to buy 
kilovar generators for approximately ten 
dollars per kilovolt-ampere and thus be 
relieved of buying the expensive product 
from the power company. 

It is well known that parallel operation 
of many electric plants presents problems 
not common to the parallel operation of 
two or three plants. These problems are 
greatly magnified when part of the paral¬ 
lel plants do not co-operate in a manner 
conducive to economy, ease of operation, 
and continuity of service of the system as 
a whole. The kilovar generators—and 
sometimes large ones—operating on the 
consumer's premises, are really parallel 
plants, over which the operating company 
has little or no control. And these plants 
are there, in principle, because the con¬ 
sumer could not afford to buy the expen¬ 
sive kilovars offered by the operating 
company. Further, as the price of kilo¬ 
var generators such as capacitors goes 
down, more and more of them will be 
installed by the consumers. These may 
or may not be regulated reactive installa¬ 
tions. Since economic system design 
and operation are so intimately related to 
kilovar requirements, it follows that the 
operating companies would lose control of 
tins important factor/ It is well known 
that even today—when load factors are a 
maximum it is the light load periods 
hat really give voltage and even stability 
troubles through lack of sufficient reactive 
control, and so what it would mean in this 
respect if the price of capacitors were 
greatly reduced in the future can be 
imagined easily. In fact, system design 
an operation could become subject un¬ 
comfortably to the mercy of the consumer 


and the price of capacitors instead of re¬ 
maining in the hands of the operating 
company. 

From this viewpoint it appears that the 
two requirements of a consumer—namely, 
kilowatts and kilovars—may be supplied 
best by the power company. The rela¬ 
tively long-term basis on which the utili¬ 
ties are financed, in view of their stabilized 
nature, allowing them to accept a slightly 
lower return on their investment as com¬ 
pared to industrials, together with the 
fact that the utility has greater latitude 
in arrangement of capacitors because of 
diversity to obtain best efficiency, seems 
to bear out such an approach. 

This is a somewhat different philosophy 
than has prevailed generally within the 
operating companies, in that kilovars 
have been looked upon as a nuisance, and 
the companies were willing to pay Die 
consumer a certain price to keep (lie kilo 
vars off their systems. 

The two requirements are definite, and 
from the point of view developed the two 
requirements may best be dealt with as 
two independent commodities, using 
separate “generators” and possibly little 
system equipment in common. This sug¬ 
gests their metering may even be done 
separately. The confusing terms power 
factor and kilovolt-amperes might even 
be abandoned to advantage. The large 
cost-to-supply ratio of kilowatts to 
kilovars the two units which go to 
make up power factor and kilovolt 
ampere—logically indicates divorcing 
them. This large cost ratio further 
indicates that kilovolt-ampere metering, 
which gives equal weight to kilovars and 
kilowatts, is somewhat inequitable. It 
appears that with this philosophy, that is, 
the operating company providing the 
kilovar requirements, the utility would he 
in the business of selling complete electric 
service, in terms of both kilowatts and * 
kilovars, and in addition, of having 
complete control of system design and 
operation, as it should have—-resulting in 
maximum economy and usage of materials 
that go into making up a system, 

Appendix. Allocation of System 
Capacity to Active and Reactive 
Uses 

I. Kilovars Supplied by Kilowatt 
Generators and Transmitted 
to the Load 


. Where Voltage Drop Is 
Factor 


Limiting 


Butler - 


The expression for voltage drop 
Vn=* I{R cos 0+X sin Q) 
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gives an accurate relation beween voltage 
drop, current magnitude, power-factor angle, 
and the impedance of the circuit. For any 
specified condition, the fraction of the total 
drop caused by the active current is 

v R cos 6 _ cos 6 

R cos 0-f-AT sin 9 cos 9-\-N sin 6 

and the fraction of the drop caused by the 
reactive current is 

N sin 9 

] Q -- 

cos 9+N sin 6 

where N =ratio of reactance to resistance 

9 — power-factor angle 

On the basis that each component (active 
and reactive) consumes system capacity in 
proportion to its effect on voltage drop, the 
factors V P and Vq give directly the fraction 
of the total capacity in this type of equip¬ 
ment consumed by each, as a function of 
9 and N. 

These relations are shown plotted in 
Figure 1 for power factors of 0.6 to 1.0 and 
for TV’s of 0.5, 1.0, 2.0, and 3.0. 

An exact analysis may require an inte¬ 
grated value of Vp and Vq for a particular 
system because of the variation in N. For 
example, one set of factors may be necessary 
for the transmission system, another for the 
distribution system. 

2. Where Ampere Capacity Is Limiting 
Factor 


mined. Letting Kp denote the fraction of 
maximum kilowatt output at reduced power 
factor, it follows that the fraction of station 
kilowatt capacity consumed by the reac¬ 
tive component at corresponding power fac¬ 
tors is 1 = K P , or 

Kq — 1 — K p 

The values of K P and Kq calculated from 
the data are shown plotted in Figures 3 and 
4 respectively. 

4. Combining the Three Types of 
Equipment 

On the basis that active and reactive 
kilovolt-ampere requirements be allocated 
their share of the total system investment in 
proportion to their use of the system ca¬ 
pacity, the relations derived above give 
directly the per-unit allocations for each 
particular type of equipment. And the 
fraction of the total system investment 
chargeable to the active and reactive com¬ 
ponents at any given power factor can be 
determined by evaluating T P and T {J as 
follows: 

T p^kiVp+kzCp+kzK p 

— fraction of total investment chargeable 
to kilowatt load 

TQ~k\ VQ + koCQ + kzK Q 

= fraction of total investment chargeable 
to kilovar load 


not necessarily use common system equip¬ 
ment. 

Therefore 

kilowatt investment 

t p— - --- 

total investment 

kilovar investment 

l q — -—-—— 

total investment 

where total investment is equal to the kilo¬ 
watt investment plus the kilovar invest¬ 
ment. Designating the kilowatt investment 
as 1.0, and, if sufficient kilovar is supplied 
always to improve the load power factor to 
1.0, so that all the kilowatt capacity is avail¬ 
able, the kilovar investment, as a fraction 
of the kilowatt investment is 


kilovar investment 






^ v ai 


cos 0 cost per kilowatt 


Hence 

TV — 


= tan 9 


1.0 


(cost per ki lovar) 
(cost per kilowatt) 


1.0-Han 9 


(cost per kilovar) 


tan 0 


(cost per kilowatt) 

(cost p er kilovar) 
(cost per kilowatt) 


1 -f tan 0 


and 


(cost pe r kilovar) 
(cost per kilowatt) 


For a given thermal limit (or ampere ca¬ 
pacity) the decimal fraction of the capacity 
used by active current is 

C P = cos 9 

and that used by the reactive is 
Cq=1 — cos 9 

This division of system capacity, or alloca¬ 
tion of capacity consumed, is on the basis of 
the kilowatt capacity used by each. 'These 
relations are shown plotted in Figure 2, for 
various power factors. 

3. Where Thermal Capacity in Gen¬ 
erators Is Limiting Factor 

Representative data for steam and hydro¬ 
electric generators, relative to their outputs 
at reduced power-factor loadings, were ob¬ 
tained, from which data for the kilowatt out¬ 
put for ’various power factors were deter- 


where 

k x - ratio of equipment investment having 
voltage drop as limiting factor to total 
system investment 

h -ratio of equipment investment having 
ampere capacity as limiting factor to 
total system investment 
= ratio of generating-station investment 
to total investment 

7" = total system invest men! =1.0- T P +T Q 

and V Pt Vq, Cp, Cq, K p , Kq are derived and 
defined above. 

II. Kilovars Supplied by Auxiliary 
Kilovar Generators at or Near the 
Loads 

The fractions of the system investment 
chargeable to the active and reactive com¬ 
ponents for this ease are somewhat easier to 
develop, since the investments for each do 


Tp~\-T (i = 1.0 = total investment 

These relations are shown plotted in 
Figure 0 for system costs per kilowatt of 
$300, .1350, and $400 and for kilovar costs 
of $10 and $25, supplied near the load, to 
improve power factor of load to 1.0. 
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Pulling Loads on Single- and Multiple- 
Conductor Impregnated-Paper Lead- 
Encased Cable/ Solid Type 


A. P. S. BELLIS 

ASSOCIATE AIEE 


L ACK of factual information relative 
to the permissible pulling loads to 
which solid-type impregnated-paper lead- 
sheath power cable might be subjected by 
means of woven-wire pulling grips with¬ 
out damage to the sheath prompted the 
Insulated Power Cable Engineers Asso¬ 
ciation to consider the subject and re¬ 
sulted in the laboratory tests described 
in this paper. 

There seems to have been very little 
work done in recent years on this or re¬ 
lated subjects that has appeared in the 
technical literature. Considerable au¬ 
thentic and valuable information is avail¬ 
able relative to work done by the Na¬ 
tional Electric Light Association under¬ 
ground systems committee on cable in¬ 
stallation. For convenience of reference 
some excerpts from literature have been 
included in Appendix I. 

Because of a lack of field records or 
laboratory test results, it was considered 
desirable to carry out a test program in¬ 
volving a rather broad selection of sam¬ 
ples with respect to conductor size and 
shape, thickness of insulation, and con¬ 
structions that would be representative 
of the cable industry’s production. All 
paper-cable manufacturers’ products were 
represented in the selection of samples 
tested. 

The question of permissible strain to 
which lead-sheathed oil-filled cable might 
be subjected without serious damage to 
the sheath from gouging had been before 
a committee of manufacturers’ repre¬ 
sentatives since December 1936. The 
anginal suggestion, based upon the use 
°f pulling ey es soldered to conductors 
and sheath and the results of field expe 
nence rather than laboratoiy tests 
™' tC ^ the P“ llin S ^ain to a maximum 
f .,000 pounds. This limitation was for 
he purpose of controlling the damage to 
thelead Sheath gouging to a depth of 

tion at the AIEE national +J? • , for P re senta- 

Wk X. y. t January 25-29 1943 N . ew 

submitted November iq 1049 - Manuscript 

Printing December 14 , 1^42 ’ &de availabIe for 


not more than 20 mils. A later recom¬ 
mendation was made to limit the pulling 
strain on single-conductor cable to 6,000 
pounds and on three-conductor cable to 
5,000 pounds. 

By observing these values for maxi¬ 
mum strain, it was thought the limit of 
sheath gouging could be reduced from 
20 mils to 15 mils. This assumed ade¬ 
quate duct clearance, good duct construc¬ 
tion clear of any harmful foreign matter, 
and good installation practice. 

Conductor areas of oil-filled cable and 
of solid-type cable are sufficiently large 
in most cases to withstand pulling stress 
considerably in excess of the foregoing 
limitations without physical changes in 
the cable that will effect its electrical 
characteristics appreciably. If, in these 
cases, the maximum permissible pulling 
load on a cable is considered relative to 
the maximum permissible stress on con¬ 


ductor area, the tendency is to lose sight 
of the premise: that is, protection of the 
sheath against excessive gouging. 

Conductor areas in solid-type paper 
cable are frequently insufficient for a 
pulling load of 5,000 or 0,000 pounds. 
In these cases it is necessary to limit the 
load to some lower value based upon a 
maximum permissible stress on the con¬ 
ductor or upon a combination of the con¬ 
ductor and sheath if pulling eyes are used. 

If cable is pulled by means of woven- 
wire grips, the strength of the conductor 
is not involved unless the ends of the 
conductor are embedded into the sealing 
caps. Ordinarily this is not done, and 
the entire load is taken by the cable 
sheath. 

A few simple rules that are easy for ap¬ 
plication in the field for the guidance of 
men charged with the safe handling of 
cable during installation with woven-wire 
grips are much to be desired. This ap¬ 
proach to the problem, however, would 
broaden the consideration under the 
original premise: that is, of permissible 
stress on the cable sheath. There are 
many variable factors involved in the 
pulling of cable that are peculiar to par¬ 
ticular installations. These factors can¬ 
not be contemplated under simple rules 
nor are they considered in connection 
with the simple formulas for maximum 
pulling stress and maximum pulling length 
proposed as a result of this investigation. 


Table I. 


Sheath Dimensions, Ultimate Load, and Tensile Strength of Lead Sheath, 


Sample 


Measured 

Outside 

Diameter 


Nominal Thickness 
of Sheath 

(By Manufacturers) 


Fraction 


Decimal 

Equivalent 


Measured 

Average 

Thickness 

Sheath 


Calculated 

Area 

(Square 

Inches) 


Load at 
Failure 
(Pounds) 


.0.3956.. , 
. .0.3803.. . 


« s s“ ™ ™ '■ “ V. - 

..;/» 

A-4.i i 75 .// ..°-°S7 .0,3179... 

v, . /m . °- 156 .0.129 .0.6569.. 

^ Smgle Conductor With Heay y Wall Insulation Above s/ 3S i nch 

.' .2.13. qu7 .. °' 102 .0.3679... 

. 0>117 .°-M7.0.124 .0.7815 


. . 1,400. , 
. . 1 , 200 . . 
. . 1 , 000 . . 
.2,410. . 


B- 2 
B -3 
BA 


.1.18. 

.. 2.68 . 


. 1 , 000 . 

••?- 090 . 6.3082.’r 1 *800. 


C Three Conductors With Thin Wall Insulation Up to 15 Kv 


■ ■ 0i MS.1.1548.2,500, . 


C-l 

C -2 

C-3 

CA 

C-5 

C -6 


1 

2 

D-3 

DA 

5 

DA 

6 , 


L73.7« 

.2-42.y B4 

. 2.22 .% 

.2.07.y M 

. 1 -29.®/G4 

.1-78.7 /a4 

vy Wa] 
.■Va 
• AA 

..%4 

... Vs 
■■•Vs 
• ■ . Vm 

.. .7m 


..2.54. . 
..2.56.. 
..2.89. . 
..2.27.. 
•.2.50.. 
. .3.22.. 

. .3.12.. 


with 

13S T RAJTS ACTIONS 


.0.109_ 

-.0.124 .... 


-.0.135 .... 


-.0.127 .... 

.0.125_ 

--0.134 .... 


.0.105 . . . . 


•0.118 .... 

Insulation 15 Kv and Above 

.0.125... 

-.0.131 .... 


..0.142 _ 

.0.141.... 

--0.153 .... 


--0.136 .... 

.0.125_ 

-0.134 .... 


■0.158 .... 


•0.152 .... 


..0.6256.. 
..0,9691.. 
..0.8351.. 

..0.8150.. 

. .0.3909.. 
..0.6161.. 


....0.9910.. 

. . .1.0787.. 

. . .1.3156.. 

-0.9118.. 

-0.9960.,, 

• • . .1.5199. ., 
....1.4173.,, 


■ - .2,080. . . 

• .2,750. . . 

- . 2 , 000 . . . 

• .2,500.... 

• .1,180. . . 
■•1,820... 


• 2,500. . 
.2,500. . 

• 4,450, . 
•2,400, . 
.2,500. , 
.3,700. , 


Calculated 
Tensile 
Strength 
(Pounds 
Per Square 
Inch) 


. .3,539 
..3,100 
. .3,146 
. .3,009 


. .4,349 
. .2,470 
. .2,506 
. .2,105 

. .3,325 
. .2,838 
..2,395 
..3,067 
.3,019 
.2,954 

..2,523 
. .2,318 
.3,382 
.2,698 
.2,510 
.2,484 


*4,000.3,176 


The tensile strength of lead sheath i 
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Table \A. Specimen Test Data 

Sample 0-3 

Three-Conductor 800,000-Circular Mil Type-H, Paper, */w Lead 

(a) Grips—Kellems P 250. 

(fa) Gauge Length—20 Inches 

(c) Fracture at 4,450 Pounds, 13 1 /, Inches Within Bottom Grip, 2 Feet 1'A Inches From 

Bottom; Spiral in Form 


Load 

(Pounds) 


500. 


1 , 000 . 


1,500. 


2 , 000 . 


2,500. 


3,000. 


Interval 

(Minutes) 


Lead Sheath 
Elongation 
(Inches Per 
Inch) 


Vacuum Inches of Mercury- 


Outside Diameter 
(Inches) 


Top 


Bottom 


. 0 . 0000 . 

. 0 . 0010 . 

1 .0.0015. 

2 .0.0015. . 

3 .0.0015. . 

4 .0.0015. . 

5 .0.0015. . 


Vs. 

Vs. 

Vs. 

3 A. 

3 A. 

Vs.. 


. 0.0015 . iy 8 . 

1 .0.0015. ll/a. 

2 .0.0015. li/a. 

3 .0.0015. li/a., 

4 .0.0015. l6/ 8 .. 

5 .0.0015. ls/ 8 .. 

.0.0015. 2y 8 .. 

1 .0.0025. 2s/ s .. 

2 .0.0030. 2s/s.. 

3 .0.0030. 25/s., 

4 .0.0030. 26/a.. 

5 .0.0030. 2 s /a.. 

.0.0030. 41/s.. 

1 .0.0030. 4V<.. 

2 .0.0035. 41 / 4 .. 

3 .0.0035. 41 / 4 .. 

4 .0.0035. 41 / 4 .. 

5 .0.0035. 4 1 /*.. 

.0.0075. 

1.0.0100. 

2.0.0100. 

3 .0.0100_ 

4 .0.0100. 

5 .0.0100. 


. I 1 /** 

. 17<*. 
.2 *.. 
. 27s*’! 
. 2V** . 

2»/s* . 
. 23/8* . 

.2 * 

. 21/4* .’ 
. 21/4* . 

. 2 3/8* . 

27a* . 

272 * • 

. 17s* ■ 
17s* - 
17s* .. 
174* .. 
l«/a* .. 
172* .. 

Vs**. , 
Vs**.. 

74 **. 
6 /a**. . 
1 /a**. 
3/ a **. < 


7 3 /4. 4 **.. 

9 43 / 3 **., 

974. 4 7 /a**.. 

9 3 /s. 5 **.. 

97a. 57 b**. - 

97 e. 51/4**. 


Top 


...2.90 . 
...2.90. 

...2.90. 

. ..2.90. 

. . .2.89. 

. . .2.90. 

...2.89. 

. ..2.90., 
. ..2.90.. 
...2.89.. 
..2.90.. 
..2.89.. 

..2.89.. 
..2.89.. 

..2.89.. 

..2.89.. 

..2.89.. 

..2.89.. 

..2.90.. 

..2.89.. 

..2.90.. 

,.2.89. . 

. .2.90.. 
.,2.89.. 

..2.89.. 

, .2.89. . 

. .2.89.. 
..2.88.., 
. .2.89... 
.2.89... 


Bottom 


. . .2.90.2.90 




.0.0185_ 

.1772.... 

_ in/s** ... 

.2.88. 


il . . .. 

.0.0250_ 

.1972... . 


.2.88. 

3,500. 

)2.... 

.0.0265_ 

_21 .... 

_1474**. 

.2.88. 

- 

| 3 . . . . 

.0.0300_ 

....227b.... 

. . . ,147a**. 

.2.88..,.. 


4. . . . 

.0.0320_ 

....2274. 

.... 14 7 /s**..... 

.2.88. 


5 . . . . 

.0.0320.... 

....2274. 

....15 . 

.2.87. 



.0.0410_ 

....24 .... 

_23 74**. 

.2.87. 


1. . . . 

.0.0435. 

.2574. 

_23 7 /s**. 

.2.87. 

4,000.| 

2. 

.0.0450. 

. 257b . 

... 24 ** 

.2.87_ 


'3. 

.0.0450. 

....26 . 

_247s**. 

.2.87. 


4. 

.0.0450. 

.... 26 . 

.... 247a**. 

.2.87. 


5 . 

_0.0470. 

....26 . 

-247***. 

.2.85. 

4,450. 


_0.0525. 

.267*. 

_26 7 /8**. 

.2.85. 


..2.90 
...2.89 
. . .2.89 
. . .2.89 
..2.89 
..2.89 

..2.89 
..2.89 
..2.90 
. .2.90 
..2.90 
..2.90 

..2.90 
. .2.88 
..2.88 
. .2.90 
. .2.89 
. .2.88 

. .2.90 
..2.90 
. .2.88 
. .2.90 
.2.90 
.2.89 

, .2.89 
. . .2.89 
, ,.2.89 
..2.89 
..2.88 
..2.88 

..2.87 
..2.87 
..2.87 
..2.87 
..2.87 
..2.87 

..2.86 
..2.85 
..2.85 
..2.85 
. .2.85 
..2.83 

..2.81 


Extension of lead sheath beyond end of copper conductors: Top— 41/2 inches; 
* Positive pressure. 

** Negative pressure. 


bottom—9 inches. 


Tabic If. Comparison of Tensile-Stress Values 
Under the Respective Classifications for Cable 
Construction 


Pounds Per Square Inch 

Group 4 . 

Single 

Conductor 

With Thin Wall 

Insulation up to 7as Inch 


A-l Specimen 1. . . 

. . .3,539. . 

.Average 3,365 

A-l Specimen 2. . . 

.. .3,106. . . 

. Minimum 3,106 

A-6 . 


. ■.3,146. . . 

. Maximum 3,669 

A- 4. 


...3,669 


Group B. 

Single 

Conductor 

With Heavy Wall 

Insulation Above b/ 32 inch 


B- 1. 


.. .4,349. . . 

. Average 2,895 

B~2 . 


.. .2,470. . . 

.Minimum 2,165 

B-3 . 


. . .2,596. . . 

. Maximum 4,349 

B-4 . 


...2,165 


Group C. 

Three 

Conductors 

With Thin Wall 

Insulation Up to 

15 Kv—Comparison Between 

Belted and Type-H Cables 




Belted 

Type H 

C-l. 


. .3,325 


C-2. 


.2,838 


C-3. 


. .2,395 


C-4. 


. .3,067 


C-5. 


. .3,019 


C-6. 



o 054 

Average . . , 


. .2,929 


Minimum , . 


. .2,395 


Maximum. . 


..3,325 


Group D. 

Three Conductors With Heavv Wall 

Insulation 15 Kv and Above 




Belted 

Type H 

1. 


.2,523 


2. 


. .2,318 


D-3. 



3 389 

D- 4. 


. .2,698 


5. 



9 cm 

D- 5. . 2 434 


Average . . . 


. .2,513_ 

.2,875 

Minimum . . 


.2,318. . . . 

.2,434 

Maximum. . 


.2,698_ 

.3^382 


unacceptable. It was considered pref¬ 
erable to base the permissible pull upon 
the area of the sheath and the permissible 
stress to which the sheath material could 
be subjected without damage from 
stretching. As a result of this investiga¬ 
tion which undertakes to determine the 
ultimate stress values and extension .of 
lead sheath, it appears that the maximum 
permissible pulling loads calculated by 
the foregoing proposed rule would be in 
excess of the strength of the cable sheath. 


The recommendations of a committee 
which were before the Insulated Power 
Cable Engineers Association for consid¬ 
eration and approval at the time this test 
program was decided upon were: 

“In the case of cables in which the pulling 
eye is attached to the end of the cable, the 
maximum pulling strain shall be based on 
0.008 pound, per circular mil of copper with 
a maximum of 6,000 po un ds. 

“Where a cable grip is used over the lead 
sheath for pulling, the maximum pulling 
strain shall be taken as 1,500 pounds, for 
each one-inch diameter of cable. For ex¬ 
ample: A three-inch diameter of cable 
would call for 4,500 pounds. This sugges¬ 
tion does not take into consideration what 
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is inside the lead sheath; that is, we may 
have large copper and light walls of insula¬ 
tion or small copper and heavy walls of 
insulation for a given diameter. 

“These pulling strains are based on a 
maximum of 750-foot pull with no bends. 
Where bends occur, it has been suggested 
that the permissible pulling strain be re¬ 
duced ten per cent for each bend.” 

The proposed rule applicable to cable 
fitted with pulling eyes received rather 
general acceptance. However, there were 
expressions of preference for the 5,000- 
pound limit, particularly with respect to 
single-conductor cable. 

The proposed rule applicable to cable 
pulled with a woven-wire grip was judged 

Beilis—Pulling Loads on Cable 


Test Specimens 

It was directed that samples should be 
selected from the lists submitted by the 
manufacturers on the basis of their be¬ 
ing as representative as possible as to 
conductor size under each of the following 
groupings: 

Single-conductor cable: 

A with thin wall of insulation up to 6 / 32 inch. 

B with heavy wall of insulation about s / 32 
inch and heavier. 

Three-conductor cable: 

C with thin wall insulation rated up to 15 kv. 

D with heavy wall insulation rated at 15 kv. 
and over. 

Classification of the samples selected 
Transactions 139 















































































































































































































































Table It A, Tensile Strength of Lead Sheath 
From Table II 


Group 

Average 

Minimum 

Maximum 

A ■ ~ ■ 


. ..3,106.. 

....3,669 . 

Si. . ■ 

. , 2,89.1. . 

_2.1 fin • 

. ..4,349 

C Belted 

. .2,929. . 

_2,395 . . 

... .3,325 

j!J Belted . . 

. 13. . 

2 318 . . 

_2.698 

C Type If 

2,954. 

... One sample only 

P Type If . 

. . 2,87.1. . 

2,434 . . 

. . .3,382 


under the foregoing groupings, as well as 
dimensional characteristics, are shown in 
Table I. 

Testing Equipment and Procedure 

The pulling grips used were furnished 
by Kellems Company for all except a few r 
preliminary samples. The manufac¬ 
turers’ statement relative to the de¬ 
sign, selection, and performance of pull¬ 
ing grips has been incorporated with this 
text as a matter having direct bearing 
upon this work and also because of its po¬ 
tential value in the selection of grips for 
application in the field. 

Tests were conducted in the John A. 
Roebling’s Sons Company laboratory. 


Figure 1. Speci¬ 
men under test, 
showing primarily 
points of observa¬ 
tion 



An Amsler testing machine of 40,000 
pounds capacity was used. Samples 
tested with pulling grips were under the 
10,000 pound range, and samples fitted 
with pulling eyes were under the 40,000 
pound range. 

The original end seals were removed 
from the samples as received. These were 
replaced with new end seals, each with 
a bicycle-valve insert. 

A 6-tube mercury manometer was 


connected to the bicvcle-valve stem at 
each end of the sample by means of a 
flexible rubber hose. The object of this, 
attachment was to use the manometer as 
an indicator of the rate and extent to 
which vacuums would develop as the 
sheath stretched and pulled away from 
the end of the cable under increased load. 
Also, loss of vacuum was to be used as 
the criterion for failure of the sheath. 
The thought was that the end seals might 
not be tight, that the pinching action of 
the pulling grips may be responsible in 
some cases for opening up cable end seals 
and that faults of this nature could not 
be detected by observation. 


1 he manometers were connected to 
valves in the end seals before any 3 
was applied. Connection of the flex 
rubber tube to some of the early sanr 
tested produced a slight pressure u 
cation on the manometers. A sli 
drainage of compound to the lower < 
, 0f s . am P Ie w ben it was mounted ^ 
ically m the testing machine also p 
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duced slight positive pressure readings. 
As the sheath stretched, this pressure was 
dissipated, and vacuum developed. In 
these instances pressure is indicated on 
the test sheets by a plus sign. As the 
load was applied, the vacuum in inches 
of mercury was read to the nearest y 16 
inch on each manometer scale. 

Measurements of extension of sheath 
between grips were taken between 20- 
inch and 40-inch bench marks on the 
sheath, each mark being at least six inches 
from the ends of the pulling grips. The 
variation in distance between bench 
marks was due to the variation in the 
length of grips used. As long a gauge 
length as possible was used on all cables, 
at the same time using a gauge length 
that was a multiple of ten inches. The 
gauge points on the cable moved with 
reference to two fixed 18-inch scales 
mounted on the frame of the testing 
machine. The scales were graduated in 
hundredths of an inch. All readings on 

the scales were taken to the nearest Vioo 
of an inch. / 0 


cmne was stationary—the top h< 
movable. The bench marks on the 
therefore moved upward; hen. 
total elongation for any load was c 
the difference between the scale r 
at that load and at the initial load 
divided by the gauge length gave t 
elongation in inches per inch, 
load was applied, the movement o 
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gauge points was determined to the near¬ 
est 0.01 inch, read on a steel scale. 

Outside diameters of the cable were 
measured by diameter tape during tests. 
These were taken at the top and bottom 
bench marks on the cable sheath unless 
otherwise indicated. 

b For the originally planned tests the ini¬ 
tial loads applied, as well as the subse¬ 
quent load increases, were varied some¬ 
what, depending upon the size of the 
cable. Each load value was held for an 
interval of five minutes. Sheath elonga¬ 
tion and manometer readings were taken 
at each one-minute interval. The five- 
minute holding interval for each loading 
was chosen as a minimum time that a 
cable, of appreciable size and length 
fitted with a woven-wire grip, would be 
subjected to pulling stress during installa¬ 
tion. This is estimated as approximately 
equivalent to pulling a 300-foot length of 
cable into a conduit at a rate of 00 feet 
per minute. 

The ultimate strength of the sheath 
was taken as the maximum load indicated 
on the dial prior to failure. 

Chemical analyses of the sheaths were 
not made. It was presumed that they 
represented a cross section of commer¬ 
cially pure leads. 

All samples were tested at room tem¬ 
perature, approximately 75 degrees Fahr¬ 
enheit. 

The accompanying illustrations (Fig¬ 
ures 1 to 4) show the method of mounting 
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Figure 2. Fractures of cables 
A -1 to 0-4 inclusive 


the eight-foot samples, the type of testing 
equipment used, types of end termina¬ 
tions, the nature of the sheath fractures 
with both woven-wire grips and socket- 
type pulling eyes. 

Pulling Grips 

Experience with miscellaneous stock 
pulling grips demonstrated that the 
proper selection of size, type, and appli¬ 
cation of the grips to the ends of the cable 
was necessary if tests of the samples to 
destruction were to be realized. 

The Kellems Company’s representa¬ 
tive was present to observe the perform¬ 
ance of the pulling grips under load dur¬ 
ing the planned series of tests and con¬ 
tributed the following statement: 

Two types of grips were used, one the old 
type, constant weave, in which every mesh 
was exactly the same size as every other 
mesh in the grip. In other words, all wires 
were crossed at exactly the same angle 
throughout the length of the grip. The 
other type was woven with a variation in the 
size of the mesh; that is, the angle at which 
the wires were crossed was varied, decreasing 
gradually from the receiving end to the 
pulling end of the grip. 

It was found that the variable-mesh grip is 
much more effective than the constant- 
mesh grip, as the strain is evenly distributed 
over a greater area of the cable. In the 
constant-mesh grip, the strain is concen¬ 
trated near the pulling end of the grip, and 
there is a tendency to localize the bite of the 
grip and cut into the sheath at this point. 

Also, the flexible variable-mesh grip held, 
whereas the constant-mesh stiff grip had to 
be served down with wire to the cable to 
keep it from slipping under heavy loading. 

As a result of these tests, certain improve¬ 
ments in design were made to prevent slip¬ 
page and to improve distribution of strain. 
These improvements are now standard in 
current manufacture. 

In the past the tendency has been to use 
grips with too high a breaking strength; the 
strength of the grip is many times that of 
the cable sheath. When the grip is suffi¬ 
ciently strong but not far in excess of the 
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cable sheath strength, the result is a more 
flexible grip and a more even distribution of 
the strain on the cable. This increases the 
effectiveness of the grip and also the holding 
power of the grip to the cable under it, 

There is a definite relationship between 
diameter and length of grip—the greater 
the -diameter, the greater the length re¬ 
quired. This is true only to a limited extent 
with the old-type constant-mesh grips, 
since the strain is concentrated near the 
pulling end of the grip. In the variable-mesh 
pulling grips this relationship between di¬ 
ameter and length has been taken into 
consideration, and larger diameter grips 
have been made proportionately longer. 
Throughout each set of cable size ranges, the 
length of the grip is increased with the load 
rating. 

A specimen test-data sheet has been re¬ 
produced in Table I A. This shows how 
gradually the deformation of the sheath 
takes place under an increasing static 
load applied for the time intervals shown. 

Stress-strain relations for a selection of 
samples representative of each classifica¬ 
tion of cable as given in Table I are shown 
in Figure 5. 

Stress-vacuum relations for these same 
cables are shown in Figure 6. The shift 
in the relative position of the curves for ' 
the respective samples is due to using the 
average of the manometer readings from 
the two ends of the sample. 

The summary of information pertain¬ 
ing to all but a few preliminary and spe¬ 
cial test samples is given in Table III 
which gives some idea of the dimensions 
and relative performance of the different 
cables. The tensile stress values from 
Table I are regrouped in Table II in order 
to get a comparison of average, maximum, 
and minimum values obtained for the 
types of cable under the respective classi¬ 
fications. 

As a result of the work shown in 
Tables I, II, and III it is recommended 
that the values of permissible pulling 
load and the maximum length of lead- 
sheathed impregnated-paper cable solid 



Figure 3. Samples showing typical valve 
inserts 


type, that should be pulled with a woven- 
wire grip without damage to the cable, 
given in Table IV, be used as a first ap¬ 
proximation. 

Values given in Table IV and equation 
1 are based upon a maximum permissible 
stress for commercially pure lead sheath 
of 1,500 pounds per square inch and a con¬ 
duit friction coefficient of 0.1 

Comparable values to those given in 
Table IV for a cable of other sheath di¬ 
mensions may be calculated by using the 
formula. 

3 m = 4: f 7l2i(D^t) pounds (1) 

The recommended maximum permis¬ 
sible pulling length of a given cable may 


Figure 4. Kellems* 
pulling grips 

Left—Variable mesh 
Right—Constant mesh 
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Table IV. Maximum Pulling Loads and Calculated Length of Paper Cable Permissible When 
Pulled With a Woven-Wire Grip 


Core Diameter Range 
(Mils) 

Minimum Maximum 


Recommended 
Recommended Maxi- Maximum Per- 
Nominal Outside Diameter mum Permissible Pull- missible Pulling 

Thickness Range (Inches) ing Load (Pounds) Length (Feet) 

of Sheath-- 

(Inches) Di Da Pi Pa Li L 2 


251- . 
601- . 
901-. 
1 , 201 - . 
1,501- . 
1,801-. 
2 , 101 - . 
2,401- . 
2,701- . 
3,001- . 
3,301- . , 
3,601-. . 


- 600. 

- 900. 
- 1 , 200 .’ 

* -1,500.' 

’ - i.sooV 
-2,100V, 
-2,400. , 
-2,700.’. 

- 3,000.'. 

- 3,300 V 
-3,600.'. 
-3,900.'. 


..0.078.0.407. 120.9. 302 

..0.078.0.756. 249.2. 623 

..0.086.0.773. 278.4. 096 

. .0.086.1.072. 399.6. 999 

..0.094.1.089. 440.8.1,102 

• •0.094.1.388. 573.2...1,433 

• ■0.101.1.403. 618.4.1,546 

• •0.101.1.702. 761.9.1,905 

..0.109.1.719. 827.0.2,068 

• •0.109.2.01S. 980.6.:.2,452 

- -0.117.2.035.1,058.0.2,645 

•0.117.2.334.1,222.0.3,055 

•0.125.2.351.1,311.0.3,278 

■0.125.2.650.1,487.0.3,718 

•0.133.2.667.1,589.0.3,973 

• 0 • 133.2.966.1,776.0.4,440 

-0.141.2.983.1,889,0.4,723 

■0-141.3.282. 2,087.0.5,218 

•0.156.3.313.2,320.0.5,800 

* 0 - 156 .3.612.2,541.0.0,353 

•0.164.3.629.2,678.0. 6,695 

-0-164.3.928.2,909.0. 7 273 

•0.172.3.945...3,058.0.7,645 

172 .- -4.244.3,300.0.8,250 


be calculated on a comparable basis, by 
using the formula 

L m = — feet (2) 

The thickness t and outside diameter 
D of the cable sheath are in inches. The 
recommended maximum pulling load 
S m is expressed in pounds, the weight of 
cable w is in pounds per foot, and the pull¬ 
ing length L m in feet. 

The use of these formulas requires but a 
limited amount of information including 
the weight per foot, outside diameter, and 
thickness of sheath, all of which should be 
available from the reel marking. 

Interpolation of permissible pulling 
loads for standard thicknesses of sheath 
of intermediate diameters may be made 
from Table IV or taken from Figure 7. 

The maximum recommended pulling- 
length values, Table IV are for cable hav¬ 
ing a weight of one pound per foot. 
These should be divided by the weight 
per foot of the cable to be pulled. 


In instances where the use of a high- 
strength brand of commercially pure lead 
or an alloy sheath is required, a higher 
maximum stress value than 1,500 pounds 
per square inch could be justified. 

A modification of the maximum per¬ 
missible pulling length could be justified 
likewise, if facts are available as to pre¬ 
vailing coefficient of friction, duct condi¬ 
tion, grade, bends, clearance, lubrication, 
and snubbing action to be expected at the 
entrance manhole. 

Observations From Test Procedure 
and Results 

None of the sheath failures under the 
original series of tests were between bench 
marks. With two exceptions the failures 
were under the grip and within ten inches 
of the back end. The two failures be¬ 
yond the grips were iy 2 and 3 inches from 
the back end as shown in section (a) of 
Table III. 

The recorded elongations do not repre¬ 


sent the maximum strain values, because 
they do not involve that portion of the 
sheath including the failure. 

Under the grip where the great major¬ 
ity of the failures occur, the resultant 
load is believed to be a combination of 
lateral compression and longitudinal 
tension in contrast to substantially ten¬ 
sion stress only on that part of the sheath 
between the bench marks. 

In general, the angularity of the sheath 
failure corresponded with that of the 
underlying paper insulation or shielding 
tape. This indicates a binding of the 
sheath to the core. 

The paper tapes or the shielding tape 
and paper tape underlying tlie lead sheath 
at the point of failure showed appreciable 
change in mechanical uniformity. It is 
not known whether this change in posi¬ 
tion takes place gradually at these loca¬ 
tions of greatest extension of the sheath 
or whether the change occurred when the 
sheath parted. 

There did not seem to be serious abra¬ 
sion of the sheath because of the grips, as 
slippage was practically eliminated in 
most cases. 

Sample 7, Figure 3, which had the con¬ 
ductors soldered into the end seal, could 
not be tested to destruction, as the sheath 
bulged just back of the end seal which 
caused the grips to slip. 

If cable end seals of usual design are 
properly made at the factory, there is 
little prospect of damaging them at any 
permissible stress to which the cable 
slieatli should be subjected, especially if 
pulling grips of the reinforced type are 
used. There was but one instance where 
vacuum did not develop at the end of the 
sample. 

Examination of the samples showed 
that there was appreciable coning of the 



Figure 5. Stress strain relation—lead cable 
sheath 


Table VA 

A. First Set 


Section No. 

Bench’Marks (Inches) 


Top 

I 

10 


2 

10 


3 

20 


4 

10 


5 

20 


6 

10 


Bottom 

7 

10 


Sample A. 


Sample B. 


, , . .Elongation in inches per inch at initial maximum stress of 2 180 no 
per square inch ' 

000 .0.013. . . ..0.066.0.037.0.054.0.012. 0 

_ After 46 minutes failure occurred—ultimate elongations 

000 .°- 036 .0.180.0.088.0.098.. ..0 030 0 

Failure occurred 3 inches within the back end of upper ’grip 

. . .Elongation in inches per inch at initial maximum stress of 2 400 do 
per square inch ’ p 

000.. 0.018.0.111.0.076.0.044.0.018 0 0 

0 nm nni^ mmUt n S -, occurred—ultimate elongations ’’ 

0.001. 0.015.0.129.0.097.0.096.0.019 0 0 

_failure occurred just below the back end of the upper grip’ 
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Table VB. Summary of Application of Load and Test Results 

B. Second Set 


Specimen 



Sg 

8i 

8h 

8f 


...80 

... 155 

...350 

...420 

lime of loading (seconds). 

...1.33 .. 

...2.58 .. 

...5.83 .. 

...7.0 

1 tine of loading (minutes). 

Area of sheath (square inches).. 

Sire ^ at failure (pounds per square inches).. 

Kate of stress application (pounds per square inch 

...1.586 
...3,000 .. 

...2,250 .. 

...1.609 .. 
...2,870 .. 

...1,110 .. 

...1.604 .. 
...2,760 .. 

...473 .. 

...1.641 
.. .2,570 

...367 


...4,800 .. 

...4,580 .. 

...4,410 .. 

...4,120 

Load at failure (pounds). 

Rate of loading (pounds per minute). 

...3,600 .. 

...1,775 .. 

...757 

...588 

5-longation IQ inches (inches per inch) measured 

...0.218 .. 

...0.144 .. 

...0.180 .. 

...0.165 

Vacuum finches of mercury) 

...-26 .. 

...-29 .. 

... —287** • 

...-287* 


. . -221/4.. 

. ..-247a.. 

...-247s.., 

...-197s 

Outside diameter (inches) 


...3.27 .. 

...3.28 .. 

...3.27 .. 

.. .3.27 


...3.20 .. 

...3.23 .. 

...3.22 .. 

...3.20 

Elongation 10-inch gauge length (inches per inch) 
Location along sample 

..0.000 .. 

..0.000 .. 

..0.000 .. 

...0.000 - 


..0.030 .. 

..0.015 .. 

..0.010 .. 

...0.031 

. . 

..0.190 

..0.130 .. 

..0.080 .. 

...0.136 


..0.215 ... 

. .0.145*.. 

..0.267* .. 

...0.173 


..0.210 ... 

..0.142 ... 

..0.180 .. 

.0.180 

f; . 

..0.295 ... 

..0.145 

..0.187 .. 

. .0.244* 


..0.287* ... 

..0.080 ... 

...0.112 .. 

..0.037 

ft . 

..0.053 ... 

..0.050 ... 

...0.015 .. 

..0.000 


..0.000 ... 

..0.000 ... 

..0.000 .. 

.0.000 

End displacement (inches) 

Top. 

..5.4 

..7.7 

..7.2 

..0.9 

Bottom. 

..9.5 

..3.5 

..3.9 

..5.3 


* Nearest to point of failure. 

insulation off the end of the conductors of 
single-conductor cable, not so much on 
belted cable, and yen’- little of this at the 
ends of type-if cable. 

A maintained load of 1,000 pounds per 
square inch of sheath causes the sheath 
to stretch and start to pull off the end of 
the cable. 

A load of 1,500 pounds per square inch 
produces measurable elongation of the 
sheath between grips almost as soon as 
the load is applied. 

There is a very appreciable, if not de¬ 



structively excessive, increase in the rate 
of elongation of the sheath at a stress of 
2,000 pounds per square inch. 


With the rate of loading used, the 
sheaths ruptured at apparent stresses of 
2,300 to 4,300 pounds per square inch, 
calculated on the basis of the average 
area of rings taken from the ends of the 
cable sample after test. 

The indicated tensile strength of lead 
sheath recorded in Table II shows higher 
average and maximum values for single- 
conductor cable than for multiple-con¬ 
ductor cable. This is likewise true of 
minimum values with but one excep¬ 
tion. The tensile strength indicated for 
three-conductor cable sheath over light 
wall insulation is about the same for 
belted and type-# cable; however, one 
unusually low value was obtained on a 
sample of belted-type cable. Approxi¬ 
mately a 15 per cent higher average ten¬ 
sile-strength value of sheath was ob¬ 
tained from three-conductor type-# cable 
with heavy wall insulation than for belted 
cable. The relatively high apparent 
stress values indicate that part of the load 
applied was transmitted to the insulation 
and conductor. 

The apparent tensile strengths of lead 
sheath given in Table II are appreciably 
higher than should be expected from ten¬ 
sile tests on samples of commercially 
pure lead sheath as reported by Moore 
and Allerman in Engineering Experiment 


Table VC. 


Summary of Application of Load and Test Results 

C. Third Set 


Specimen 


Time of loading (seconds), 


--- square men;. 

Rate of stress application (pounds per square 


Elongation 10 inches (inches per inch) measured 
back of the grip.... 

Vacuum (inches of mercury) 

Top end. 

Bottom, end. 

Outside diameter, inches 

Before test. 

After test. [ . 

Elongation 10-inch gauge lengths 
(inches per inch) 

Top 1. 

2 .... . 

3 .;. 

4 . . 

5 . . 

6 . . 

7 . . 

8 .;;;;;;;;;;;;;;;;; .. 

Bottom 9. 

En( * displacement (inches) 

Before loading. 

After loading. 

Failure occurred 
Within grip 

From back end. 

Circumferential twist 

Bench marks (feet). 

Rotation (degrees). 

* Nearest the point of failure. 

Elongation for 9 d at 6 large owing to double necking down. 


9a 

9b 

9c 

9d 

..90 

... 180 

...300 

. . .450 

..17* 

.3 

. . .5 

. . .7 

..1.327 

.. .1.319 

...1.280 

. . .1.306 

..3,310 

. . .3,110 

. . .3,080 

. . .3,390 

..2,210 

. . .1,035 

...015 

. . .485 

. .4,300 

. . .4,050 

. . .3,800 

. . .4,420 

..2,870 

. . .1,350 

...700 

... 005 

..0.090 

...0.073 

...0.072 

...0.062 

.. +27* 

. ..-v* 

...+4 

...-7 

,. -267s 

. ..-24 

• • -27 V. 

...-2074 

..3.03 

...3.05 

...3.05 

...3.05 

..2.98 

...3.00 

. ..2.99 

...2.99 

..0.027 . 

. ..0.035 . . . 

...0.035 . 

...0.037 

..0.043 . 

...0.048 . 

...0.046 . 

...0.032 

..0.080 . 

...0.067 . 

...0.077 . 

...0.035 

..0.148 . 

...0.135 . 

...0.108 . 

...0.067 

,.0.304* . 

...0.263* . 

...0.233* . 

...0.105 

,.0.165 

...0.218 . , 

...0.158 . 

...0.317* 

,.0.035 ., 

...0.055 

...0.032 . 

...0.049 

.0.000 .. 

...0.010 

,..0.000 . 

...0.007 

. End seal. . 

, .. End seal. . 

. . End seal. 

. . , End seal 

.17s 

,..Vu 

..7* 

...17* 

.10 

. .974 

..87t 

. . . 87a 

.1 inch 

. .3 inches . . 

..2 inches . 

. . .9 inches 

.5 

.17 

..6 
• •17 

. .5 

. .None 

. . .5 
. . . None 
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Table VIII. L ad Bend Tests 


Test 

Number 


Simplex Method 
(Cycles) 


Standard Method 90-Degree Bends 


Maximum 


Minimum 


0 . 

1 . 

2 . 

3 . 

4 . 

. ...1172-12 . 

.. . lOVa-12 . 

... 10 -9 _ 

...11 -11 . 

... 7 -lli/s 

. G3 _ 

. 79 .... 

. G3 .... 

. 69 .... 

73 

. 45 

. 30 

. 45 

. 40 

. 43 

. 43 

A '3 

5 . 

...12 -10’ 

57 

6 . 

.. . 91 / 2 - 9 _ 

71 

7 . 

...10 -10 _ 

71 

p,i 

8 . 

... 9 -12 . 

. (59 

. 01 

A Q 

Range . 


*7—79 

. 40 

On (11 

Over-all range. ... 

- 7-12 . 




Average 


. 53 i 
. 53 ] 
. 51 j 
. 50 f 
54) 
481 
50 I 
58 


.48-58 


Description 
at Bends 


. Knife edges 


2?* iS? ^ mbers indicate the number of feet from the top end of the test length to where the rings were cut 
method at each Korn"* S ' X ^ SCVen fcet fr ° m tke end ' T '™ tart. were made by the Simple* 


100 Per Cent Lead 

Pounds Per Square Inch 

Trans- 

Longitudinal verse 

G . 

2 oio 


H . 

1 590 

1 610 

I . 

1 530 


J . 

1 Pin 


Average. 

.... 1 7oo 

1 838 

Deviation from average 



(per cent)—plus.. 


... .20 

minus. 


. . . .14 


Station, University of Illinois, Bulletin 
243, “The Creep of Lead and Lead Al¬ 
loys Used for Cable Sheathing,” 6 and 
Insulated Power Cable Engineers Asso¬ 
ciation “Commercially Pure Lead Sheath 
for Power Cables,” technical report 2, 
September 1936. 7 

An indication of the effect of loading 
upon thickness of sheath throughout the 
length of preliminary sample 1 and in the 
immediate proximity of the failure may 
be had from Table VII, discussed in 
Appendix III, 

Determination of the uniformity in 
quality of commercially pure lead sheath 
from so representative an assortment of 
samples as source, diameter, and thick¬ 
ness of sheath seemed desirable. Two 
methods of bend test were used in order 
to find out whether results would be 
equally uniform as to the magnitude of 
values and variation range. The results 
of this investigation are reported in 
Appendix IV. 

Special Investigation 

It was apparent from the test results 
under the original investigation that 
answers to several important questions 
were lacking. 

It was desired to know how the stretch 
throughout the length of the sample was 
distributed and to evaluate these incre¬ 
mental elongation values with that of the 
unfractured sheath recorded in Table III. 

It was thought that a supplemental 


investigation of a series of samples hav¬ 
ing a common quality of commercial lead 
sheath and tested under different loading 
conditions would develop some of the 
answers. 

Special Tests 

The results of these special tests are 
reported here as a supplement to the origi¬ 
nal report. 

It was thought that a longitudinal rein¬ 
forcement of friction tape with a helical 
wrapping of like material over the sheath 
which extended from ten inches inside to 
two inches beyond the back end of the 
grip would shift the sheath fracture to oc¬ 
cur between the regular bench marks. 
This it failed to do, but it did eliminate 
any appreciable tendency of the grips to 
slip. All special test samples were so 
reinforced. 

The three sets of special test results are 
reported individually because of variations 
in procedure. (Tables VA,VB t and VC.) 

A. First Set. The purpose was to 
determine the extent of the elongation 
that occurred in various sections of the 
sample lengths and to compare the strain 
on the sheath between bench marks at 
the center of the sample with that in the 
section under the grip which includes the 
failure. 

The sheaths of two specimens were 
graduated by 10-inch and 20-inch bench 


marks. Wire pulling grips were used on 
both ends of the samples. The load was 
applied gradually, and readings were 
taken at each increment increase of 1,500 
pounds, allowing only time necessary to 
take manometer reading and to measure 
the elongation and diameter over the 
sheath between the bench marks at the 
center of the specimen. 

Samples used were three-conductor 
500,000-circular mil Compack 22 / flr inch 
paper, Voriacli lead. 

B. Second Set. The purpose was 
to determine the time-ultimate stress re¬ 
lation, the variation in elongations be¬ 
tween ten-inch bench marks, throughout 
the length of the samples, and the varia¬ 
tion .in strain at the center of the sample 
and in the location containing the failure. 
Wire grips were used on both ends of the 
samples. 

The ultimate stress was estimated as 
3,000 pounds per square inch for all rates 
of loading. The time intervals of loading 
were set to approximately l l / 2t 2 l / 2t 5, 
and 7 minutes. These rates of loading 
were reasonably well realized by the use 
of a stop watch and the testing-machine 
loading valve. 

The same cable was used as that for 
“A. First Set.” 

C. Third Set . The first and second 

sets of special tests show that stretching 
of the sheath takes place more or less 


Table VJI 


Test 

Number 


Lead Thickness (Mils) 
Maximum Mimmuni Average 


140 ... 123 ... 131 


1 . 

122 


. . 113 

- . 117 

. . 113 

.. 118 
.. 117 

2. 

128 


3. 

124 


4. 

125 


5. 

125 

. e llO 

6. 

114 


7. 

131 

. . 102 

. . 110 
. . 120 
. . 130 

..110-131 
-147 

8 . 

147 

. . 110 

1 1 A 

Range . 

Over-all range., 

. . 114-147, 

•. ny 

.. 102-123 . 


Sheath fractured between the sixth and seventh foot. 
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Figure 7. Permissible load in 
pounds on lead-encased cable 
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evenly at both ends of the samples when 
pulled with woven-wire grips. 

The purpose of this set of tests is to de¬ 
termine how the elongation of the sheath 
takes place when the relative effective 
length of the stretched sheath is doubled 
by placing a pulling eye on one end and a 
woven-wire grip on the other end of the 
sample. 

An ultimate stress was estimated as 
3,000 pounds per square inch for loading 
intervals of iy 3 , 2 1 / 9j 5, and 7 minutes 
respectively. 

The sheath was graduated by ten-inch 
bench marks. The increment laid off just 
outside of the grip was used for elongation 
measurement readings while the sample 
was being loaded. The outside diameter 
recorded was taken halfway between 
these bench marks. The lower of these 
bench marks on the grip end was located 
about four inches above the back end of 
the grip on account of the reinforcing tape 
over the sheath. 

A line was drawn from end to end of 
each sample to be used as a reference in 
determining whether or not the cable 
twisted while being pulled. 

The samples were mounted in the ma¬ 
chine with the wire pulling grips at the 
bottom. 

The end displacement is an average of 
several probe depth measurements 
through the valve stem in the end seal, 
minus the length of the valve stem. 

Samples used were three-conductor 
500,000-circular mil Compack 19 /Vinch 
paper, 9 / fl , t -inch lead. 

Elongation of the sheath extends back 
to the wipe at the pulling-eye end. It 
is expected that elongation of the sheath ‘ 
would take place over a greater distance if 
longer samples could have been used. 

Conclusions 

If stresses in commercially pure lead 
sheath are in excess of 1,500 pounds per 
square inch, vacuums of high magnitude 
are quite likely to develop. 

Lead sheath can be stretched seriously 
without the damage being apparent from 
visual inspection. Serious stretching can 
be detected as variations in diameter tape 
measurements. 

There is a possibility that in some in¬ 
stances the insulation quality might be re¬ 
duced because of a change in the me¬ 
chanical uniformity of the insulation un¬ 
derlying sheath that has been stretched 
excessively. 

Excessive stretching of the sheath and 
the resulting disturbance of the mechani¬ 
cal uniformity of the underlying insula¬ 
tion could account for excessive cable 
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heating and many manhole and joint 
failures of the past. 

There is need for extreme caution, when 
luffing or ratcheting cable for slack in 
manholes, or in removing cable to be re¬ 
installed, not to damage it by stretching 
the sheath excessively. 

The extent of stretching occurring dur¬ 
ing pulling or as a result of adjustment of 
the cable in the duct by luffing can be de¬ 
termined readily by placing ten-inch 
bench marks along the sheath under and 
just beyond the back of the grip. 

Excessive stretching of the lead sheath 
off the end of the cable produces a high 
degree of vacuum which may be respon¬ 
sible for the creation of voids within the 
insulation some distance back from the 
end of the cable through the transfer of 
compound from the insulation into the 
space developed at the pulling end of the 
section. 

It is possible that the effect of this mi¬ 
gration of compound may have accounted 
for an appreciable percentage of cable 
failures in the pulling end of section 
lengths within the manhole or adjacent 
to the conduit entrance. 

There is appreciable cold flow of com¬ 
mercially pure lead sheath if a stress of 
1,500 pounds per square inch is exceeded, 
which not only reduces its effective thick¬ 
ness but may reduce its flexure fatigue re¬ 
sistance. 

Overstraining of the cable sheath might 
be avoided in many cases by checking ex¬ 
perienced judgment against a precalcu¬ 
lated value of maximum recommended 
load or cable length by means of the pro¬ 
posed formulas. 

Calculation of the maximum permis¬ 
sible load to which a cable should be sub¬ 
jected is of questionable value for mar¬ 
ginal cases, unless some practical device 
is available that will indicate continu¬ 
ously the actual load to which the cable is 
subjected or limit the load at the chosen 
maximum permissible value during in¬ 
stallation. If such facilities are not avail¬ 
able, there is no way of telling whether 
the cable sheath may have been over¬ 
stressed during installation. 

The use of woven-wire pulling grips 
can be justified with practically any size 
or type of cable where there is adequate 
duct room and the safe maximum stress 
on the sheath is not exceeded. 

When deciding upon the type of con¬ 
nection to be used on the pulling end of 
the cable in marginal cases, consideration 
should be given to the value of the cable 
per foot that may be lost through damage 
from excessive stretching of the sheath 
and the potential saving in reducing man¬ 
hole slack allowances if pulling eyes are 
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used. In case of doubt, as with border¬ 
line cases, it is always safer to require 
the attachment of pulling eyes. 

Factual field information gathered from 
installation experience through the use 
of the simple device of placing ten-inch 
bench marks along the pulling end of the 
cable would prove valuable in establish¬ 
ing some limit of elongation of sheath be¬ 
yond which it could be considered quite 
definitely that the quality of the cable 
had been impaired. 

Samples of cable can be prestressed by 
the use of pulling grips to a point where 
the sheath has been stretched excessively. 
These samples could be subjected to cyclic 
loading tests to determine what effect the 
disturbance of mechanical uniformity 
caused by excessive stretching of the 
sheath has on the performance in com¬ 
parison to that of an adjacent nonpre- 
stressed sample of the same cable. 

In the case of small conductors where 
the permissible load would be limited by 
the formula 0.008 X conductor circular 
mils, the permissible load on the lead 
sheath may be added to that permitted 
on the conductor if the conductor and lead 
sheath are joined.securely to a pulling eye. 

It is hoped that a study of the data pre¬ 
sented will stimulate discussion of an old 
subject and lead to the development of 
more adequate control facilities for field 
use and to the adoption of a few practical 
rules for the guidance of men in the field, 
who, after all, carry the responsibility for 
the proper handling of cable installations. 

If, as a result of this work, there is any 
contribution that will make it possible for 
cable engineers of the utilities and the 
manufacturers to discriminate as to when 
pulling eyes or socketing of conductors 
into the end seals should be specified in 
preference to the conventional type of end 
seal, the expense and effort will have been 
justified. 

Appendix I. Excerpts From 
Literature 

The National Electric Light Association's 
underground systems committee reports on 
cable installation records current practice 
among utilities as of 1925. 1 The 1926 re¬ 
port 2 summarizes opinion as to the effect of 
stress upon the cable and states the means 
of judging damage as follows: 

"Information obtained—principally from the 
cable manufacturers—leads to the conclusion that 
the electrical characteristics will not be effected if 
the cable physical characteristics be not disturbed. 

"In summarizing the reports from the manufac¬ 
turers and from the operating companies, it would 
appear thdt in the ordinary installations of cable no 
serious harm can be done the cable unless there be 
visible mechanical injury, which has led one of our 
members to inject the thought that it is 'highly un¬ 
desirable to install such long lengths of cable as 
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would overstress the lead sheath either in installa¬ 
tion or removal, having in mind the fact that in 
many cases it is necessary to take extra hitches on 
the cable in order to secure sufficient slack in the 
manhole into which the cable is pulled.” 

There is available extensive information 
relative to stresses on cables fitted with pull¬ 
ing eyes as a result of the field experiments 
conducted by Carroll H. Shaw. 3 
. Fac tors influencing the coefficient of fric¬ 
tion found in connection with cable pulls 
are presented in the NELA underground sys- 

1 oon » 4 Gp0rt 0n “ Cable Installation for 
lydO. The committee's conclusion as to 
available material relative to coefficient of 
friction range to be considered in the pulling 
of cable is quoted from NELA underground 
systems Reference Book. 6 

"A conservative rule of thumb that has be£a 
used allows a pulling tension of 0.75 times the total 
weight of cable being pulled. If this limit is greatly 
exceeded, it would appear advisable to look for 
possible damage to the cable sheath such as scoring 
gouging or deformation. Certainly under no con¬ 
ditions should the stress be large enough to produce 
permanent elongation of the copper. The factor 
U.75 mentioned above is the coefficient of friction 
between cable and duct. This varies widely de¬ 
pending upon conditions. 

For well-lubricated well-constructed straight ducts 
W!th ample clearance between cable and duct the 
coefficient of friction will average about 0.40.” 

The NELA underground systems com¬ 
mittee, in its 1930 report on cable installa¬ 
tion, 4 summarized its conclusions on this 
phase of their report as follows: 

‘The problem has been considered by the subcom¬ 
mittee this year on the basis that: 

'‘1. No limit to the pulling stress has been set by 
the manufacturers or users of power cable, and it is 
therefore one of the duties of the committee to 
render a decision on this point. 

” 2 . The maximum stress to which the cable is 
subjected is the only figure of value in determining 
whether 

^ (a). The cable has been injured during installation. 

(b). A value for the safe maximum stress to which 
a cable may be subjected. 

"In discussion of the possibility of setting a safe 
value for the maximum pulling stress, it will be 
found in all cases that the injury to the cable is 
evident on the sheath of the leading end, except in 
those cases where, through oversight, the cable has 
jammed at the entrance to the duct. In the latter 
circumstance the dynamometer reading will not t 
indicate necessarily that damage has been done. 

If, however, the cable has been overstressed me¬ 
chanically, the leading end is the only portion oi the 
cable which has sustained the maximum stress, 
and this is the stress recorded by the dynamometer. 

The stresses which exist in the cable behind the 
leading end are unknown and indeterminate by any 
practical measuring device but of a lower magni- L 
lude than the stress on the leading end which has i 
already been determined. The leading end, how- 1 
ever, is brought out for visual inspection at the end I 
of the pull, and, if the conductors are not pulled 
away from the sheath, and the lead is not damaged, 
there is no possibility that dynamometer readings 
could indicate other damage. 

"This accessory is important, however, for improv¬ 
ing installation methods and devices, especially in 
connection with new or unusual cable types, and a 
great deal of experimental work has been done by 
the larger companies along this line.” 


Appendix II. Short-Time Tensile 
Strength of Lead Sheath 


The apparent stress values obtained from 
the samples of cable tested and shown in 
Table II are appreciably higher than re¬ 
ported tensile-strength values for com¬ 
mercial lead cable sheath. 


Short-time tensile test results reported by 
Moore and Allerman 6 on sections taken from 
samples of cable sheath in both longitudinal 
and transverse directions to the axis of the 
sheath and tested at a head speed of 0.02 
inch per minute are given in Table VI. 

Results of short-time tests on circumferen¬ 
tial strips of lead sheath reported in connec¬ 
tion with the joint Association of Edison 
Illuminating Companies and Insulated 
Power Cable Engineers Association re¬ 
search technical report 7 show for commercial 
cable sheath without reference to quality 
of lead: 

. ( average value.2,362 psi 

Weighted average of j minimum value. . . 1,569 psi 
all. . ( maximum value . . 2,660 psi 

These results cover tests made at 11 dif¬ 
ferent laboratories on samples taken from 
the. same sheath lengths. Testing speeds 
varied from 0.2 to 1.25 inches per minute. 


Appendix III. Physical Test Re¬ 
sults from Lead Sheath After 
Being Subjected to a Loading 
Test 

It was thought desirable to get some indi¬ 
cation of the effect of stretching on thick¬ 
ness and physical - characteristics of the 
sheath throughout the length of a sample, 
as indicated by the IPCEA and the Simplex 
equipments and procedures for bend tests 
(See Tables VII and VIII.) 

One of the samples used for preliminary 
tests in setting up tlie test procedure was 
ringed at the ends and at one-foot intervals. 
One two-inch ring and four one-half-inch 
rings taken at each location gave the results 
shown in Table VII. 

Figure 8 shows the location and number¬ 
ing of test rings in the immediate proximity 
of the failure of preliminary sample 1. 

A one-half-inch ring was taken for stand¬ 
ard bend test as close as possible to the 
sheath fracture (IB), one above {IT), and 
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Figure 8. Diagram showing the location and 
numbering of test rings adjacent to failure 

T Top end during pulling strain test 
B Bottom end during pulling strain test 

Table IX 


Thickness— IPCEA Bends Cycles 
Mils 90 Degrees (Simplex) 


§ S 

2 3 <D 

5 0 

R *a 2 

d ,S « 

3 S 5 


IT.. 106.. 95. .102. .57. .47. .50*. 

IB.. 121.. 86 . .102. .55. .45. 51*. 

2J3 . .120. . 96. .108. 

3B . .113. .102. .107.. 71 V, 

4B..114..104..107..59..45..51*.[ . , 

* All knife edges. 


the other below (IB). Adjacent to the 
lower ring IB, successive rings 2B, 3B, and 
4B were examined with the results indicated 
in Table IX. 

The fractures follow the helices of the 
paper tape directly under the sheath. The 
lead thins down in a long taper to a knife 
edge at the fracture as expected. Stretching 
of the sheath apparently did not change the 
bending-test results seriously. 

Appendix IV. Bending Tests on 
Samples of Lead Sheath 

The standard bend-test procedure and 
equipment required under the Specification 
for Impregnated Paper Insulated Cable, 
Solid Type (sixth edition, November 1937), 
high tension cable committee, Association of 
Edison Illuminating Companies, and an 
alternate known as the Simplex method 
were used. The latter has been under con¬ 
sideration as a possible standard for pro¬ 
cedure in manufacturing control work. It is 
made quickly and involves the entire cir¬ 
cumference of the sheath in a single test. 

The rings for test were taken about four 
inches back of the seals from each end of the 
test length. Adjacent rings from each end 

Table XA 


Cycles 

Set 1 

Set 2 

Average . 



Minimum. 

. 9 . 

. 7 

Maximum. 

.14.5. 


Table XB 



All 


All Top 

Bottom 


Samples 

Samples 

Average. 

.11.5. 


Average—all sara- 


pies. 


.6 

Maximum spread 

— 


all samples . . . 



were used for the respective tests. The 
sheath had not been abraded because of the 
protection by the pulling grip reinforcement. 

The arithmetical averages of the number 
of 90-degree bends and the range of values 
under the standard method are as follows: 

Maximum 69.3 with spread 57-83 
Minimum 47.1 with spread 31-61 
Average 57.7 with spread 48-67 
Over-all range 31 to 83 bends 

The arithmetical average of the perform¬ 
ance tests made on the Simplex tester 
showed for two sets of samples, each set con¬ 
sisting of a ring from the top end and from 
the bottom end of the cable length, the re¬ 
sults shown in Table XAl. 

If tests of all top samples and tests of all 
bottom samples are averaged, they show 
the results given in Table XB. 
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Synopsis: The paper presents a method of 
determining approximately the maximum 
continuous current-carrying capacity of con¬ 
ductors in overhead lines, as fixed by certain 
operating limits of temperature and time, 
beyond which it is expected that the physi¬ 
cal characteristics of copper conductors 
might be materially impaired. The paper 
deals illustratively with conditions in the 
Philadelphia area, but the method is equally 
adaptable to any situation. 

The design limits of ampere ratings deter¬ 
mined herein, are from 10 to 35 per cent 
higher for bare conductors, and from 10 to 
20 per cent higher for covered conductors, 
than those previously used in the Phila¬ 
delphia area. Operation at load equal to 
the design limit will, during 99.93 per cent 
of the hours in the average year, maintain 
copper temperatures below 100 degrees 
centigrade in normal operations and below 
135 degrees centigrade in emergency opera¬ 
tions. 

U NDER ordinary conditions and par¬ 
ticularly in the design of new single¬ 
purpose lines, there is little doubt that 
some sort of cost balance akin to Kelvin's 
law favors conductor sizes sufficiently 
large to give operating-temperature limi¬ 
tations a place of rather remote interest. 
Considerations of voltage variation and 
the advance provision for expected load 
growth in general-purpose distribution 
lines also favor the initial installation of 
conductor sizes considerably larger than 
the minimum that could be used if neces¬ 
sary. 

The present emergency naturally com- 
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pels a reconsideration of the design limits 
of conductor size, but not without a pos¬ 
sibility of substantial future advantage 
to those central-station systems which 
will utilize the information thus gained 
to make the maximum use of an installed 
line-conductor size, rather than to aban¬ 
don it in favor of an avoidable change to 
a larger conductor size. In the authors’ 
experience there has been no instance 
where the natural cost balance that nor- 



Figure 1. Principal effect of conductor diame¬ 
ter on ampere capacity of overhead lines 
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mally favors oversize conductors in new 
lines has been sufficient to offset the 
large expense that must be accepted 
when an otherwise adequate line con¬ 
ductor size must be abandoned in order 
to provide a larger size. 

Line accessories such as conductor 
clamps and disconnects can have limita¬ 
tions that will become critical. Likewise, 
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it is always possible that conductor clear¬ 
ances will need to be reconsidered at criti¬ 
cal points, along lines which possibly 
might be required to operate at abnor¬ 
mally high conductor temperatures. 
Such limitations may be removed by 
thoroughly normal procedure and, usu¬ 
ally, at much lower cost than to increase 
the conductor size. The working limits 
of the conductor material in its cooling 
medium must be known, however, before 
the other factors can be considered ap¬ 
propriately. This paper, therefore, cen¬ 
ters its attention upon an approximate 
appraisal of present knowledge about the 
physical limitations of copper and a recon¬ 
sideration of the natural heat-dissipating 
properties of conductors in overhead lines, 
as related to their effect upon the practi¬ 
cal design limits of ampere loading for 
overhead lines. 

Mechanical Limitations of Bare 
and Covered Copper 

To the extent that copper may be said 
to have elasticity, then elasticity is the 
property of overhead line conductors 
which is most affected by temperature 
and time. Soft-drawn copper has very 
little and hard-drawn copper has the most 
but whatever elasticity is possessed by 
any conductor will be impaired to the 
extent that temperature and time may 
anneal the copper. The natural drawing 
effect which accompanies the mechanical 
stretching of copper imparts some meas¬ 
ure of elasticity to it which it did not pos¬ 
sess previously. Hence, mechanical tests 
of copper conductors, after partial anneal¬ 
ing without mechanical stress may not be 
directly comparable to similar tests of 
identical conductors similarly heated, 
while kept under normal stringing tension. 
All of these factors contribute to a natural 
uncertainty that makes the mechanical 
characteristics of copper at comparatively 
low temperatures appear to be almost 
akin to the mechanical characteristics of 
alloy steels at much higher temperatures. 

There appears to be considerable un¬ 
certainty, for instance, whether copper 
begins to anneal at 100 degrees centi¬ 
grade or at 130 degrees centigrade. The 
range of uncertainty suggests, however, a 
probability that operating temperatures 
may be permitted to exceed 100 degrees 
centigrade on occasion, without material 
effect upon the mechanical properties 
of overhead conductors, provided the 
temperature will seldom exceed, say, 130 
degrees centigrade. 

There are occasions, happily very in¬ 
frequent in well-managed distribution- 
system operations, however, when the 
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rare coincidence of heavy loads with the 
failure of supply plant places the operator 
in a dilemma. His alternatives in such a 
circumstance are to mistreat certain sur¬ 
viving supply plants, to cut off certain 
customers, or -to delay restoration of in¬ 
terrupted service. His choice naturally 
favors the customer, up to the point 
where the imminence of surviving plant 
failure seriously threatens inconvenience 
to other customers as well. The customer 
is pretty reasonable about a service in¬ 
terruption, so long as he knows that the 
interruption was unavoidable. If he were 
a metallurgist, however, he probably 
would be reluctant to agree that literal 
observance of a 130 degree centigrade 
line-conductor temperature limit was 
sufficient reason for a service interruption. 
He might have some reason to suspect 
that temperatures as high as 175 degrees 
centigrade to 200 degrees centigrade 


in series and stressed to a constant tension 
of 1;000 pounds—the approximate string¬ 
ing tension. Thermocouples were placed 
on two sections of the conductors and in 
each of the line splices A temperature 
of 200 degrees centigrade was maintained 
essentially constant at a control point on 
one section of the conductor for about eight 
hours a day on six successive days for an 
aggregate of 44 hours. During the test, 
the other section of conductor maintained 
an essentially constant temperature of 
180 degrees centigrade. The line splices 
were about 20 degrees cooler than the 
conductors and gave no evidence of any 
change in their contact resistance. 

After the temperature tests were com¬ 
pleted, approximate (eight-inch exten- 
someter) stress-strain tests were made 
on each of the test samples and also on 
an unheated sample of the original con¬ 
ductor from which the test samples had 


rare occasions, but that 200 degrees cen¬ 
tigrade may cause serious annealing of 
the copper. The region between 175 de¬ 
grees centigrade and 200 degrees centi¬ 
grade appears to be a very critical one. 
Therefore, 175 degrees centigrade was ac¬ 
cepted as the reasonable operating tem¬ 
perature ceiling for overhead copper con¬ 
ductors during the very rare emergencies 
in the life of a line when there might be a 
one- or two-hour coincidence of plant 
failure, maximum load, high ambient 
temperature, and low wind velocity. 

The condition of the cover is a sub¬ 
ordinate consideration. Hence the tem¬ 
perature of the cover, if present, should 
be correlated with the copper-tempera¬ 
ture limits. Approximate calculations 
had indicated that 175 degrees centi¬ 
grade copper would make about a 130 de¬ 
grees centigrade maximum outside surface 
temperature for triple-braid weather- 



Figure 2 (left). Ef¬ 
fect of air tempera¬ 
ture and wind veloc¬ 
ity upon atmospheric 
factor K 

100 degrees centi¬ 
grade s u rf ace—over¬ 
head 

where 

temperature of 
conductor surface— 
100 degrees centi¬ 
grade 

A — ambient temper¬ 
ature of air—de¬ 
grees centigrade 
v = wind velocity— 
feet per second 


Figure 3 (right). Ef¬ 
fect of air tempera¬ 
ture and wind veloc¬ 
ity upon atmospheric 
factor K 



80 de grees cen tigrade surface—overhead 

K= \Z(ts—A) 2 v 


might be accepted for an hour or two 
without material impairment to the .line 
conductor, because that is the range in 
which the annealing time is known to be 
in the order of days rather than weeks or 
years. 

A test was made, therefore, to deter¬ 
mine approximately what damage the 
conductor and its automatic line splices 
might sustain during operation for a few 
hours at 175 degrees centigrade to 200 de¬ 
grees centigrade.' The test was made in 
a 12-foot frame, in which four short sec¬ 
tions of bare medium hard-drawn, number 
00 stranded copper conductors and three 
automatic line splices were connected 


been cut. The unheated sample of num¬ 
ber 00 conductor broke at 5,500 pounds 
tensionafter about 0.9 per cent elongation. 
The 180 degrees centigrade sample broke 
at 4,600 pounds tension after 1.7 per cent 
elongation, whereas the 200 degrees cen¬ 
tigrade sample had 30 per cent elongation 
without breaking at 3,600 pounds ten¬ 
sion. In each test, the strength of the 
splices was superior to that of the con¬ 
ductor. 

Thus, it was concluded that the physi¬ 
cal characteristics of the copper conduc¬ 
tor and its automatic line splices would 
not be altered appreciably by short-time 
operations up to 175 degrees centigrade on 


where 

t s = temperature of conductor surface—80 de¬ 
grees centigrade 

A =ambfent temperature of air—degrees centi¬ 
grade 

v=wind velocity—feet per second 

proof covering. This limit is severe but 
is still well below the 182 degrees centi¬ 
grade (360 degrees Fahrenheit) minimum 
impregnating temperature recommended 
in the 'Purdue University Engineering 
Bulletin 43, November 1932. A drip test 
made on six standard samples of number 
6 triple-braid weatherproof wire, oven- 
heated to 82 degrees centigrade for one 
hour, then to 130 degrees centigrade for 
two hours, developed bubbles on four 
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de eS aft ^ r tlle half-hour at 130 
no Mi eS J^ ent * gra< ^ e ’ Two samples showed 
f 1 e ec ^ s » and no compound dripped 
sam ples so tested. Time 
a aetor . hence the over-all effect of 

Ql i I f!f tUre and time ls ex P ec ted to be 
. g 1 ur iTig a few nonconsecutive hours 
j n if e of the cover, when there might 
e a rare coincidence of critical atmo- 
W ,l fT 1C con< ^ it ^ ons and emergency load. 

* 1 100 Agrees centigrade copper, the 
0U ^ S1 e ~ COVer ~ s TLrface temperature is esti¬ 
mate to be 80 degrees centigrade, or just 
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Figure -4- Minimum value of K in any hour for 
Philadelphia by days in June, July, and 
August, 1936-39 

100 degrees centigrade surface 

K -Ayv 

where 

£* = temperature of conductor surface—100 
degrees centigrade 

= ambient temperature of air—degrees 
centigrade 

wind velocity—feet per second 


below the 82 degrees centigrade standard 
acceptance specification for triple-braid 
weatherproof wire. With the design 
limits of conductor temperature thus ap¬ 
proximately determined, it becomes ap¬ 
pro fir i ate to review the effects of ampere 
loading upon temperature. 

Conductor Heating 

The conductor heating effects are three 
and need little elaboration. At a given 
ampere loading, the power losses in¬ 
crease as the conductor resistance in¬ 
creases with temperature. Part of the 
power losses is dissipated by radiation 
according to the Stefan and Boltzman 
law. The remainder of the losses in out¬ 
door conductors is dissipated by forced 
convection, ,for which an approximate 
formula has been developed by Schurig 
and Frick, 1 who have also shown that the 


effect of sunshine becomes very small in 
heavily loaded conductors. The natural 
heat balance is quite simple. The com¬ 
plete algebraic expression for the relation 
between amperes load and temperature is 
somewhat unwieldy because of the dissimi¬ 
larity between the separate effects that 
must be correlated. By the method de¬ 
tailed in the appendix, however, it will be 
seen that the principal effects of con¬ 
ductor diameter, conductor-surface tem¬ 
perature rise above ambient, and wind 
velocity, may be factored out so as to give 
the following convenient expression for 
ampere carryingcapacity: 

I=CKd\/d+2s 

where d is the conductor diameter, 5 is the 


Table I 


Normal Emergency 
Rating Limit 


Bare-Stranded Conductors 

. 500,000.1,090 

Circular 1450,000.1,030 

mils.J 400,000. 950 


] 350,000. 880 

[300,000. 800 

1250,000. 710, 

’ 0000 . 640, 

000 . 550. 

Number..., -. 470. 

0 . 410. 

1 . 360. 

2 . 300. 

Bare-Solid Conductors 

0000 . 600. 

000 . 520. 

Number.... 00 . 450. 

0 . 390. 

1 . 330. 

2 . 290. 

Covered Conductors 

1 0000 . 570. 

000 . 500. 

00 . 440. 

0 . 380. 

1 . 330. 

2 . 280. 

4 . 220. 

6 . 160. 


1,350 

1,270 

1,160 

1,070 

970 

850 

760 

650 

560 

480 

410 

350 


720 

620 

530 

460 

390 

340 


710 

620 

530 

460 

400 

340 

250 

180 


cover thickness, K is the atmospheric fac¬ 
tor, and C is a slow-moving residual co¬ 
efficient which is essentially a constant 
for any given set of design limitations. 

The principal effect of the conductor 
diameter and its cover, if present, may be 
seen in Figure 1, for the illustrative con¬ 
dition (CK= 1,500). The position of the 
curve for covered wire above that for bare 
wire, is not particularly significant. In 
Philadelphia, for instance, the apparent 
advantage of covered wire in Figure 1, is 
offset by an 11 per cent lower design 
limit of CK . 

The atm ospheric factor (K= 

may be evaluated directly 
from United States Weather Bureau data 
by the use of the chart in Figure 2 for bare 


conductors, or that of Figure 3 for covered 
ones, as the case may be. The results of 
such a survey may then be summarized, as 
in Figures 4 and 5. Maximum ambient 
temperature is not coincident with mini¬ 
mum wind velocity in the Philadelphia 
area. The 15-year maximum ambient 
of 40 degrees centigrade was accom¬ 
panied by an 11-miles-per-hour wind. 
Other maximum ambients ranged from 35 
degrees centigrade at five miles per hour 
to 39 degrees centigrade at 13 miles per- 
hour. The most critical coincidence, 23 



Figure 5. Minimum value of K in any hour for 
Philadelphia by days in June, July, and 
August, 1936-39 


80 degrees centigrade surface 

K=</(U-A)*V 

where 

t s = temperature of conductor surface—80 de¬ 
grees centigrade 

A = ambient temperature of air—degrees 
centigrade 

V—wind velocity—feet per second 


degrees centigrade at one mile per hour, 
made the lowest values of K shown in 
Figures 4 and 5. The condition did not 
persist for more than one clock hour in 
any day and occurred on less than six 
days in the average year. 

It was considered reasonable therefore 
to permit copper temperatures to reach 
values in the neighborhood of 130 degrees 
centigrade with normal load or 175 de¬ 
grees centigrade for any emergency load 
that might on a few rare occasions be co¬ 
incident with so critical an atmospheric 
condition. The design values of K that 
are indicated in Figures 4 and 5 were se¬ 
lected so as to observe 130 degrees cen¬ 
tigrade as the approximate ceiling for 
normal operations and 175 degrees centi¬ 
grade as the ceiling for emergency opera¬ 
tions. A summary of the resulting ap¬ 
proximate maximum hour conductor tem¬ 
peratures during the three hottest months 
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of the year is given in Figure 6, which was 
developed by using arbitrarily the value 
of C that would give the maximum esti- 
mate of copper temperature. 

As should be expected, the residual 
factor C does not vary through nearly the 
range of values that is characteristic of K, 
For normal design-limiting conditions 
in the Philadelphia area, the value is 
within 4.5 per cent of C=126 for bare- 
stranded, within three per cent of C= 142 
for bare-solid, and within 5 per cent of 



Figure 6. Approximate maximum-hour con¬ 
ductor temperature at ampere load limits in 
Philadelphia by days in June, July, and August 


C= 148 for covered conductors. For 
emergency operations in Philadelphia the 
most critical values occur in the smallest 
conductor size and are respectively: 
C= 119 for bare-stranded, C=135 for 
bare-solid, and C=144 for covered wire. 

Ampere Design Limits in 
Philadelphia 

Table I summarizes the ampere design 
limits for overhead copper lines in Phila¬ 
delphia, as developed by the method de¬ 
scribed in this paper. 

Winter load limits will be somewhat 
higher than given in the table. Tentative 
indications are that normal ratings may 
be increased ten per cent and emergency 
limits five per cent from November 
through March. The limiting atmos¬ 
pheric conditions are not much less se¬ 
vere than in the warmer months. How¬ 
ever, about one half of the winter hours 
with critical ambient-temperature-wind 
combinations are accompanied by rain. 
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Conclusions 

1. The paper deals with the carrying capac¬ 
ity of conductors in overhead lines, as deter¬ 
mined by the effect of temperature and time 
upon the physical characteristics of the con¬ 
ductor The paper does not deal with con¬ 
siderations of voltage variation, power loss, 
nor other factors that may favor larger con¬ 
ductors than are physically adequate for the 
immediate purpose. 

2. The common assumption that maximum 
ambient temperature and minimum wind 
velocity are coincident is not supported by a 
study of United States Weather Bureau 
records for the past 15 years in Philadelphia. 

3. The ampere load limits for overhead 
conductors in any situation can be evaluated 
directly from local records of critical am¬ 
bient temperature and wind by the method 
given in this paper. The cooling effect of 
rain is not included, because it is absent 
during otherwise critical hours in summer 
and during one half of such hours in winter. 

4. Coincidence of load-limit amperes with 
an hour of critical atmospheric conditions 
seems to be a contingency so remote that 
the resulting copper-temperature ceiling 
need be observed only as required in order 
to avoid weakening or oversagging the 
conductor. 

5. Conductor temperature ceilings of about 
130 degrees centigrade normal and 175 de¬ 
grees centigrade emergency maximum ap¬ 
pear permissible if of short duration and 
sufficiently infrequent. A 44-hour test has 
indicated that a few hours at 175 degrees 
centigrade should not change materially the 
physical characteristics of medium-hard- 
drawn copper wire or of automatic line 
splices, but that 200 degrees centigrade 
might cause serious annealing of the wire. 

6. To recognize for the present at least 
the need for caution in utilizing tempera¬ 
tures approaching a critical zone for copper 
wires, the ampere load limits for Philadel¬ 
phia are designed to keep copper tempera¬ 
tures regularly below 100 degrees centigrade 
normal or 135 degrees centigrade emergency. 
During the past 15 years, however, there 
has been an average of six nonconsecutive 
hours per year when a coincidence of load- 
limit^ amperes with critical atmospheric 
condition might make the copper tempera¬ 
ture in some part of the line approach a 
ceiling of about 130 degrees centigrade nor¬ 
mal or 175 degrees centigrade emergency 
maximum. 

Appendix. General Expression 
for Current Ratings of Overhead 
Conductors 

The current-carrying capacity of medium- 
hard-drawn copper conductors in outdoor 
overhead service was calculated for steady- 
state conditions. In the steady-state con¬ 
dition, the heat dissipation is equal to the 
I 2 R loss in the conductor, or 

PR = WS watts (jq 

where 5 is the surface area of the conductor, 

W is the sum of the watts radiated W r and 
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the watts dissipated by convection W Ct so 
that 


W— W T -j-W c watts per square inch (2) 

In surroundings of temperature T 0 de¬ 
grees Kelvin, the heat dissipation by radia¬ 
tion from long horizontal cylinders, with 
surface of E relative emissivity and surface 
temperature of T s degrees Kelvin, is 

T -. __3 G.8E 

W r “"YolT watts per square inch 

(3) 

The approximate formula of Schurig and 
Frick 1 for heat dissipated at sea level by 
forced convection in air moving v feet per 
second crosswise to horizontal cylinder with 
outside diameters (<2-|-2s) ranging from 0.3 
to 5.0 inches is 


W t 


_ 0.0128 / y 


where 


(T s — T 0 ) watts per 

square inch (4) 


T a =(T t +T 0 )/2 

d — copper diameter in inches 
s = thickness of conductor cover in inches 

Substituting equations 3 and 4 in equa¬ 
tion 2 


y—_ 36.822 , 0 I 

W= - r,4_r 4)-i— 

1012 V S 0 J T *p 


d-\-2s 
C T s -T 0 ) (5) 


.0128 / 

OV 

=( T *-To) (r,+zv)(r.*+r B *>+ 

0.0128 [~v 

r a »- i2 M^+2i. 


For convenience let 




36.8.E 

10 12 


(T,+TJ(T,*+r 0 ») 


and 


C c = 


0.0128 
T <M2J 

J a 


then 


W-V.-T^+C,^] 

watts per square inch (7) 

If it is assumed that about 75 per cent of 
the surface area of bare-stranded conductor 
is effective in heat dissipation, as is approxi¬ 
mately true for radiation, then the effective 
surface area S of stranded copper is equal to 
that of a smooth cylindrical envelope and 
the heat dissipated per foot of conductor is 


WS=l2Tr{d+2s)(T s -T 0 )X 


id-\-2s_ 


watts (8) 


The approximate average resistance per 
foot of medium-hard-drawn (97.5 per cent 
conductivity) copper of diameter d at T c 
degrees Kelvin is 

2? = 10 6 T c /26.7(rd) 2 , or 13.97 ohms per 
circular-mil foot at 100 degrees 
centigrade ( 9 ) 
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where r equals 1.00 for solid conductors, or 
approximately 0.87 for stranded conductor. 
Thus, from equations 1, 8, and 9 


\VS 320ir(rd) 2 (d+2s)X10 c ^ ^ w 

= ----( T S -T 0 )X 

R l c 


_ Cr+Cc V^_ 


( 10 ) 


r- = ( Ts - r 0 )d°-(d+ 2 s) x 

^ (* 


/■—- ["cV—+^1 <“) 

f*2j L 1 » 


U+: 


_ 10V 

/!= ?Tl 


Cr \ir +Cc ix 




V^-r^v [d*Vd+2s] ( 12 ) 


or 

/ = CAT/ v 'd+2s amperes (13) 

where 

A'- v‘(f s -TJ*v = \/(t s -A)*v 


C=31,600r^j:^Cr-sj^^+C c 

=31,600r^l^^(T s +T o )(T/+T/) X 

V d+2s . 0.0128 ~[ 

A —ambient temperature in degrees centi¬ 
grade 

d = copper diameter in inches 
E — relative emissivity of the surface 
r = 1.00 for solid, or 0.87 for stranded con¬ 
ductor 

s = cover thickness in inches 
4 = outside surface temperature in degrees 
centigrade 

?/= wind velocity in feet per second 
T 0 = ambient temperature in degrees Kelvin 
T a ~{T 0 + T s )/ 2 

T c = copper temperature in degrees Kelvin 
T s = outside surface temperature in degrees 
Kelvin 


Upon analyzing the factors in the expres¬ 
sion for current, equation 13, it will be seen^ 
that: 

K may be called an atmospheric factor 
and evaluated from Weather Bureau obser¬ 
vations for any given design temperature 
t s of conductor surface, as in Figure 2 for 
100 degrees centigrade, or Figure 3 for 80 
degrees centigrade. 

C is a coefficient which compensates also 
for the residuals left after accounting 
for the major effects of d and K. C is 
practically a constant for all the usual over¬ 
head conductor sizes and combinations of 
high ambient temperatures with critically 
low wind velocities. For instance, all values 
of C lie within five per cent' of 142 with the 
numbers 2 to 0000 sizes of oxidized (relative 
emissivity of 0.6) bare-solid conductors at 
temperatures from 100 to 175 degrees centi¬ 
grade. 


Reference 

1. Heating and Carrying Capacity op Bare 
Conductors for Outdoor Service, O. R. Schurig, 
C. W. Frick. General Electric Review, volume 33, 
1930, pages 141-57. 


Transactions 


Kidder, Woodward-Ampere Load Limits 


Electrical Engineering 



Intrasystem Transmission Losses 

E. E. GEORGE 

FELLOW AiEE 


T HIS paper describes a new method of 
calculating transmission losses within 
power systems. Reasonable accuracy is 
obtained with longhand calculation, al¬ 
though the same general scheme with the 
load-flow determinations carried out on a 
d-c calculating board would provide 
greater accuracy with less work. The use 
of an a-c calculating board with separate 
tabulations of kilowatt and kilovar flows 
would be even more advantageous. The 
method is based on the principle of super¬ 
imposing the load distribution from each 
source, determining the current in each 
line as a sum of the individual load flows 
(with each in its proper direction), squar¬ 
ing this expression for current, and setting 
up an equation for losses in terms of mega¬ 
watt generation at the various plants and 
of megawatt flows (in or out) at each 
interchange point. An outward flow of 
power at an interchange point is consid¬ 
ered negative generation. 

The procedure consists chiefly in deriv¬ 
ing a special loss formula for a given power 
system. The formula is suitable for any 
condition of generation, load, and inter¬ 
change. The formula involves only multi¬ 
plication and addition, and it may, there¬ 
fore, be used by semiskilled office person¬ 
nel. Loss determinations for a large num¬ 
ber of operating conditions may be made 
in an hour, thus making practicable the 
determination of losses for hour-by-hour 
readings on a dispatching log. 

The loss formula may be used for deter¬ 
mination of losses, either total or incre¬ 


mental, for billing, forecasting, or system¬ 
planning purposes. It has been used by 
several power companies for hour-by-hour 
determination of incremental losses. Other 
power companies have used the formula 
to derive a typical or average per cent 
loss to use over a month or longer period 
of time. The average per cent loss has 
been derived by calculating the losses for 


Paper 43-20, recommended by the AIEE committee 
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York, N. Y., January 25-29, 1943. Manuscript 
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10 to 50 or more representative hourly 
operating conditions and selecting an 
average value. Such determinations are 
reviewed monthly, or less often if system 
operating conditions are reasonably uni¬ 
form from month to month. 

Previous Methods 

Heretofore it has been necessary to de¬ 
termine losses by detailed calculation of 
each individual line or by detailed meas¬ 
urement of each individual line on an a-c 
calculating board (network analyzer). 

The determinination of losses by calcu¬ 
lating each line separately is slow, even if 
applied to past operations where the ac¬ 
tual load on each line has been measured. 
It is of little service for studies of future 
conditions in complicated networks where 
the load flows cannot be calculated easily. 
The longhand method of line-by-line cal¬ 
culation is too slow to use for hour-by- 
hour readings. 

The a-c calculating-board method is of 
great value for system planning or for 
other purposes where only a few represen¬ 
tative operating conditions are of interest. 
The time and cost of this method prevent 
its application to hour-by-hour readings. 

Procedure for Determining Loss 
Formula 

1. Secure estimated megawatt (three- 
phase) loads on primary substations for a 
heavy load hour (preferable annual maxi¬ 
mum hour, when system losses are pre¬ 
sumably the highest). Neglect transmis¬ 
sion losses for the time being. On most 
systems the load distribution on a per¬ 
centage basis changes very little from 
peak to off-peak, and the effect of power- 
factor variation is unimportant (except at 
off-peak on systems with high charging 
current). Loads at small stations may be 
prorated at terminal stations in inverse 
ratio to line impedance, without much 
effect on accuracy of the loss calculations. 

2. Secure an impedance diagram of 
the high-voltage transmission system. In¬ 
termediate-voltage lines may be. omitted 
without much effect on accuracy of the 
loss calculations. 

3.. Total the loads in item 1 and pro¬ 
rate in per cent (of 100 megawatts). 

4. Determine Z for the R+JX line 
values in item 2. (Disregarding power 
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factor, the flow of current will divide 
inversely as Z in each circuit.) Con¬ 
vert Z to ohms at the major transmission 
voltage of the system. Draw a one-line 
diagram of the transmission system with 
the proper Z value (phase-to-neutral) 
marked on each line. (Use only the scalar 
value of Z, without regard to angle.) 

5. Determine the location of generat¬ 
ing sources and points of interconnection, 
existing or proposed, for the system. Very 
small plants may be netted with local 
loads before tabulating these loads in item 
1. Any heavy load concentrated at one 
point and not following closely the system 
daily load curve may be considered as an 
interconnection point and handled as a 
power source (negative). 

6. Draw up a hectograph or stencil 
one-line diagram with the lines in item 2 
(omitting impedance values), with the 
substation loads in item 3, and with the 
sources in item 5. Consider each inter¬ 
connection as a generating source (posi¬ 
tive or negative). Since these one-line 
diagrams are to be used as work sheets in 
making up flow diagrams on a eut.-and-lry 
basis, 25 or more copies may be needed 
(unless a calculating board is available 
for the operation in item 7). 

7. Make up a synthetic megawatt 
load-flow diagram for each separate source 
on a separate sheet, using the forms pre¬ 
pared in item 0, Consider each inter¬ 
connection as feeding into the system like 
a generator, regardless of the normal flow 
of power at the interconnection point. 
Observe the direction of flow carefully 
and consistently as between diagrams, so 
that the algebraic sum of the megawatt 
flows in any line will be the correct one. 
Unless a d-c or a-c calculating hoard is 
available, the synthetic load-flow dia- 
grains will have to be developed by a cut- 
and-try method, making the total of the 
products of impedance times proper flow 
around any loop equal to zero. Omit 
consideration of losses in making these 
flow diagrams, unless a calculating board 
is used. In any case the total output 
from any source should be 100 megawatts 
at the source. Omit consideration of 
load and generator power factor feu* the 
time being, unless an a-c calculating 
board is used, on the assumption that 
the proper load flow is secured when the 
sum of the zmw products around every 
loop in the system is equal to zero or 
approximately so. (Neglect fractions 
of megawatts.) 

8. Set up a tabulation listing in the 
first column each line by the names of the 
two terminals, followed in the second 
column by the resistance of the line in 
ohms at the major transmission voltage. 
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Sources 

Square 

Terms 

Table 1 


Product 

Terms 

Total 

Terms 


. . 1 ... 

. 0 . 

. 1 


o 

. 1 . 

. 3 


... 3. .. 

. 3 . 

. '6 

4 

... 4 ... 

. 6. 

.10 


. ’ . 5... 

.10 . 

.15 

0 

6 .,. 

. 15 . 

. 21 



. 21 . 

. 28 

8 .., 

, ’ . S. .. 

. 28 . 

. 36 


... 9 ... 

. 36 . 

. 45 

i 0 . 

, .. .10. .. 

. 45 . 

. 55 


pK.wtT flowing from the first named ter¬ 
minal to the second should be considered 
as positive. It is convenient to choose 
the order of terminals so that most of the 
flows in each line will be positive. Hori¬ 
zontally opposite each line in separate 
columns set down the megawatt flows 
from item 7 for each source. In this dis¬ 
cussion the various megawatt generator 
and interconnection loadings will be des¬ 
ignated as G At G b> G c , and so forth. 

9. Determine KV and PF, defined as 
follows: Let KV be the average phase- 
to-phuse voltage (in kilovolts) for the 
heavily loaded portions of the transmis¬ 
sion system (usually near generating 
plants). Let PF be the average decimal 
power factor in the heavily loaded por¬ 
tions of the transmission system. 

10. Calculate H, which is a common 
constant factor to be applied to the square 
and product-flow totals to get three-phase 


kilowatt loss (see Appendix A for deriva¬ 
tion). 

( 0 . 1 ) 



11. Set up a tabulation of the square 
terms listing the lines as in item 8 and 
horizontally opposite the product of re¬ 
sistance times the square of power flow 
in megawatts (with each source in a sepa¬ 
rate vertical column). 

12. Set up a tabulation of product 
terms listing the lines as in item 8 and 
horizontally opposite the product of re¬ 
sistance times power flow from one plant 
times the flow from another plant. List 
separately each pair of sources, until each 
source has been used once with every 
other source. 

13. Total the columns in item 11 ver¬ 
tically, and multiply each of the totals by 
H, thus forming the square coefficients 
in the loss equation. These coefficients 
will always be positive. In this discus¬ 
sion, these coefficients will be designated 
as K aa , K bb , K cc , and so forth. Each 
coefficient when multiplied by the square 
of the symbol denoting megawatt gener¬ 
ation at its respective plant becomes a 
term in the final complete loss equation 
(see Appendix A for derivation). 

14. Total the columns in item 12 
vertically, and multiply each of the totals 
by 2 H, thus forming the product coef¬ 
ficients in the loss equation. These coef¬ 


ficients may be either positive or nega¬ 
tive. In this discussion these coefficients 
will be designated as K AB , K ACi K BQy and 
so forth. Each coefficient when multi¬ 
plied by the two symbols denoting mega¬ 
watt generation at its respective two 
plants becomes a term in the final com¬ 
plete loss equation. 

15. Set up the results of items 13 and 
14 as follows: 

Loss (in three-phase kilowatts) = 

GA 2 K. AA -\-G B 2 K BB -\rG c 2 K C c'P and so forth 

-}-G a G b K ab ~}-G a GcKac-{-G b GcK bc+ 

and so forth 

Use of Loss Formula 

16. -The loss equation in item 15 con¬ 
sists of K values determined once for 
all and of plant and interconnection load¬ 
ings designated as G Ai G B) and so forth, 
selected for each case for which losses are 
desired. Use loadings in megawatts. 
The total loss will be in kilowatts. The 
algebraic sum of the loadings will equal 
the net system input. Net system input 
equals territorial load plus losses. Genera¬ 
tion and tie-line receipts are considered 
positive. Tie-line deliveries are consid¬ 
ered negative. The loss equation is now 
ready for use, unless it is desired to set up 
the results graphically, or to determine 
minimum loss conditions, or to derive a 
shorter approximate equation with only 
the major sources. After the coefficients 


Table II. Conversion of Load Flows Into Loss Coefficients 


Line 

Terminals 


Resistance 

in Ohms at Burton Washington Madison 

60 Kv B W M 


Nelson 

N 


Anderson 

A 


A-B 

B-C. . . 

AC.. . . 

C- D 

C-E . 

. 

r-<.\.. 

/:•//. 

a a ‘ 

€?■*,! Oil tv* . 
G-A 12 kv, . ' 
Total. 

Total vim 
Above X0.343 


15.1. 

38.2. 
0 0. 

3.5. 
6 . 0 . 

8 . 6 . 
12 . 0 . 
22 7 

3o's! 

1.9. 

17.1. 


A-B 
B-C 

A-C 
Cl> 

C-E 
E-F 
E'G 
Ell 
ll-G. . 

G-.t 6fl kv 
G‘.\ 12 kv ; 

Total . 

Total --10*. 

AboveX0.A8<i. .... 


18.1. 
38.2. 
9.0. 
3. S. 
fi 0. 
S.6. 
12 0 
22 7 
30.8. 
1.9. 
17.1.. 


1 RANS ACTIONS 


13 

6 

28 
30 
-5 
-9 
-15 
_ 2 
-8 
-21 
-25 


12 . 

5. 

25. 

30. 

-9. 

-12. 

-18. 

-3. 

-9. 

30. 

20 . 


-3. 

-10. 

-26. 

30. 

25. 

12 . 

6 . 

7. 

1. 

-13. 

-3. 


BxW BXM BXN 

.x x x 

Resistance Resistance Resistance 


2,820 
1,150 
6,300 
3,420 
270 
930 
3,240 
140 
2,220 
- 1,200 
-8,560 
10,730 
1,073. 

.+0.734. 


-710 

-2,290 

-6,540, 

3,420. 

-750, 

-930. 

-1.080, 

-320. 

-250. 

520. 

1,280. 

-7,650. 

-7,765. 

-0.524. 


-710. 
-2,290. 
-6,540. 
-7,980. 
-750. 
-930. , 
-1,080. 
-320. . 
-250. . 

520. . 
1,280. . 
-19,050. . 
-1.905. . 
-1.31. . 


-3. 

- 10 . 

-26 

-70 

25 

12 

6 

7 

1 

-13 

-3 


6 . . 
- 1 . . 

5. . 
30. . 
-35. . 
8 . . 
2 . . 
-49. . 
45. . 
25. . 
- 1 . . 


BXA 

X 

Resistance 


-1,410. 

-230. 

1,260. 

3,420. 

1,050. 

-620. 

-360. 

2 , 220 . 

-11,030. 

- 1 , 000 . 

430. 
-3,450. 
-0.345. . 
-0.236. 


-650. 

-1,910. 

-5,850. 

3,420. 
-1,350. 
-1,240. , 
-1,300. 
-480. , 
-280. , 
-740. . 
-1,030. . 
“11,410. . 
-1.141. . 
-0.783. . 


WXM 

X. 

Resistance 


B2 

X 

Resistance 

W2 

X 

Resistance 

M2 

X 

Resistance 

N* 

X 

Resistance 

A* 

X 

Resistance 

+ 

+ 

+ 

+ 

+ 

. 3,060. . . 

. 2,610... 

160. . . 

160.... 

050 

. 1,380. . . 

960... 

3,820. . . 

• 3,820.... 

40 

. 7,050. . . 

. 5,630... 

6,080. . . 

. 6,080.... 

220 

• 3,420. . . 

. 3,420... 

3,420. . . 

. 18,620. . . . 

3,420 

150.. . 

490... 

3,750. . . 

• 3,750,... 

7,350 

. 700... 

. 1,240... 

1,240. .. 

. 1,240.... 

550 

• 2,700. . . 

. 3,880... 

430... 

430.... 

50 

90... 

200... 

1,110. . . 

. 1,110.... 

54,500 

. 1,970. . . 

. 2,500... 

30. . . 

30.... 

62,370 

840.. . 

. 1,710... 

320... 

. 320.... 

1,180 

.10,670. . . 

. 6,840... 

150... 

150.... 

20 

.32,030. . . 

. 29,480_ 

20,510. . . 

. 35,710.... 

130,350 

• 3.203. . . 

. 2.948_ 

2.051... 

• 3.571.... 

13.035 

. +1.10. . . 

. +1.01. . . 

+ 0.704. . . 

. +1.22.. . . 

. +4.47 


WXN 

X 

Resistance 


WXA MXN MXA NXA 

_ X X X x 

Resistance Resistance Resistance Resistance 


-650. 
-1,910. 
-5,850. 
-7,980. 
-1,350. 
-1,240. 
-1,300. 
-480. , 
-280. , 
-740. . 
-1,030. . 
-22,810. . 
-2.281. . 
-1.50. . 


1,300. 

-190. 

1 , 120 . 

3.420. 
1,890. 
-820. , 
-430. 
3,340. , 

-12,470. . 

1.420. . 
-340. . 

-1,760. . 
-0.176.. 
- 0 . 121 .. 


160. 
3,820. 
6,080. 
-7,980, 
3,750. 
1,240.. 

430. 
1 , 110 . . 
30. , 
320. , 
150. . 
9,110. . 
0.911. . 

• +0.625. . 


-330. 

380. 

-1,170. 

3,420. 
-5,250., 
820.. 
140.. 
-7,790.. 
1,390.. 
—G20.. 
50.. 
-8,960.. 
-0.896.. 
-0.615.. 


-330 

40 

-1,170 
-7,980 
-5,250 
820 
140 
-7,790 
1,390 
— G20 
50 

-20,700 

-2.07 

-1.42 
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are determined, the loss equation can be 
solved for any given loading in a few 
minutes, even if five or six sources are in¬ 
volved, Certain simplifications are pos¬ 
sible in many cases, and the number of 
sources may be reduced without too great 
an effect on accuracy of the loss calcula¬ 
tions. However, it is preferable to start 
with a comprehensive and accurate loss 
equation, so that the effect and validity 
of approximations may be determined. 

Methods of Simplifying Loss 
Formula 

17. In most cases two or more sources 
(plants and/or tie lines) in a small area 
may be totalized as one. One scheme of 
pooling is to determine from the complete 
loss equation new coefficients for the 
pooled sources which will give the same 
total loss as the individual coefficients 
for the distribution at the annual maxi¬ 
mum hour. Errors at smaller system 
loads will be of little importance. 

18. If any plant is operated at a flat 
base load all the time (or whenever losses 
need to be calculated), a numerical value 
of megawatts can be substituted for the 
respective plant loading symbol, thus 
eliminating one variable and simplifying 
the loss formula for most purposes. 
Sometimes a tie line may be handled 
similarly. 

19. If any plant is either shut down 
or operated at full load, the above sub¬ 
stitution and one for zero load can be 
made, resulting in two loss equations 
with one less variable. One or the other 
may be used, depending on whether the 
plant in question is on or off. Sometimes 
a tie line may be handled similarly. 

20. The most effective and generally 
useful simplification of a loss formula is 
to make use of the fact that all power sys¬ 
tems have a planned order of loading 
plants, except for infrequent emergency 
situations. Sometimes this order changes 
seasonally or with hydro or fuel condi¬ 
tions. Even if three different loading 
schedules are used during the year, three 
loss formulas with variables for only the 
regulated plants are preferable to one 
formula with a variable for each plant. 

21. If losses must be determined fre¬ 
quently, tables are much superior to 
charts. 

22. Even though the loss equation is 
used only to derive loss tables or monthly 
average loss percentages, any type of loss 
chart conveys so much information that 
it seems desirable to construct a loss chart, 
even if it is based on an approximate loss 
equation obtained by reducing the system 
to two or three major source areas. 
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23. Total loss varies as the square of 
the total system load for any given fixed 
ratio of loading between plants. There¬ 
fore, it is possible to take loss values from 
general charts plotted in percentage or 
decimal distribution and to secure total 
loss by multiplying the chart value by the 
square of the system load. The most con¬ 
venient form of chart is one based on 100 
megawatts total load, with the plant and 
tie loadings in megawatts (or per cent). 
The total system loss is then equal to the 
chart value multiplied by the square of 
the system load in hundreds of mega¬ 
watts. 

24. In those few cases where there are 
only two sources, or where the system 
can be approximated by only two major 
source areas, a rectangular co-ordinate 
chart of system loss can be drawn up. 
The co-ordinates may be “total net sys¬ 
tem input’ J and “source A”; or, “source 
A and “source B.” The loci of constant 
loss will be concentric ellipses in either 
case. 

25. In systems involving three source 
areas with one source always base loaded, 
the loss equation contains only two vari¬ 
ables and the above type of rectangular 
chart can be used. This chart has the 
further advantage that it is direct reading 
(instead of being on a 100-megawatt 
basis, as described in item 27). 

26. In all cases where the loading of 
three plants or ties is of major interest, 
the use of triangular co-ordinate paper is 
the most feasible means of plotting loss 
curves. 

27. In using triangular co-ordinate 
paper, the three plant loadings, in per 
cent (totaling 100) or in megawatts for 
100 megawatts system load, are measured 
perpendicularly to each side of an equi¬ 
lateral triangle. (K and E triangular co¬ 
ordinate paper 359-32 or 344-4 is con¬ 
venient for this purpose.) The sum of 
any three such altitudes always equals 
the height of the triangle or 100 per cent. 
The same relation holds for points out¬ 
side the basic triangle, if altitudes wholly 
outside the triangle are considered nega¬ 
tive. This permits the plotting of de¬ 
liveries to tie lines as negative generation. 

28. For four or more sources with 
variable loading, no means of graphic 
representation seems to be possible. 
Nomographic charts cannot be used with 
this type of equations. 

Procedure for Determining Loading 
for Minimum Loss 

# While plant capabilities and rela¬ 
tive power costs usually prevent alloca¬ 
tion of plant and tie loading on a mini- 
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mum transmission-loss basis, the deter¬ 
mination of this optimum condition is 
frequently of value. Inspection of mini¬ 
mum loss loadings conveys a great deal of 
information on the adequacy of trans¬ 
mission planning in the past and offers 
a needed guide to adequate transmission 
planning in the future. It provides a 
means by which the load dispatcher can 
compare the delivered costs of power from 
sources of equal or nearly equal cost (at 
the source). It provides a starting point 
for empirical charts or formulas of trans¬ 
mission losses in those cases where the 
general loss formula after all possible 
rational simplification still contains too 
many terms for ready use. 

30. The general equation for loss can¬ 
not be solved for minimum loss loadings 
until use is made of the fact that the sum 
of the loadings is equal to unity, if each 
is on a percentage basis. (Otherwise the 
partial-derivative equations are homo¬ 
geneous, giving a determinant equal to 
zero.) 

31. Take the partial derivative of 
equations in item 15 with respect to each 
one of the sources in that equation, giving 
as many partial-derivative equations as 
there are sources in item 15. Equate each 
derivative equation to 2x. 

32. Assumptions as to system operation 
must be inserted into the equations in item 
15 before taking partial derivatives in item 
31. 

33. Rearrange the terms in the equa¬ 
tions in item 32 with like sources in the 
same columns and with the columns and 
rows in the same order. Place the 2x 
terms on the right-hand side of the equal¬ 
ity sign. 

34. Subtract from the first partial- 
derivative equation in item 34 each of the 
other partial-derivative equations in turn. 
This will reduce the right-hand side of 
each new equation to zero, by eliminating 
the 2x term. 

35. Divide each of the new equations 
in item 35 by the unknown in the first 
term. This makes the first term numeri¬ 
cal, changes the unknowns to ratios, and 
reduces the number of unknowns to 
equality with the number of equations. 
The equations can now be solved simul¬ 
taneously for the unknown ratios (see 
pages 35-7 of “Determinants” by Weld). 

36. Solve the simultaneous equations 
in item 37, preferably by means of deter¬ 
minants. The results will be the loading 
ratios for minimum loss with the loading 
of each source variable, 

37. If the simultaneous equations in 
item 36 are more than three in number, 
and if they are solved by addition and 
subtraction instead of by determinants, 
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care should be taken to eliminate between 
the first equation and each of the others 
in systematic order, so that each of the 
derived equations will be independent of 
the others. 

3S. Total the ratios in item 36, add 
unity for the ratio of the source in the de¬ 
nominator of each unknown, and prorate 
so that the new total of all source loadings 
equals unity. These decimal fractions 
totaling unity constitute the simultaneous 
loadings for minimum total loss, with the 
loading of each source variable. 

39. While the preceding use of partial 
first derivatives is in general a necessary 
but not a sufficient condition of a mini¬ 
mum, it can be shown that the loss loci 
are concentric ellipses in any component 
plane and have a minimum at the center. 
Therefore, there can be no ambiguity 
about the point of minimum loss, and 
there is no need of taking second deriva¬ 
tives to determine sufficiency (see pages 
4S4-G of “Calculus” by Granville, 
Smith, and Longley). 

Procedure for Constructing 
Rectangular Loss Charts 

40. If only one source loading is vari¬ 
able, the loss equation can be represented 
by a parabola. 

41. If only two variable sources are 
involved, a rectangular type of loss chart 
may be constructed from the loss equa¬ 
tion derived in item 15. The general form 
of such an equation is as follows: 

Kw loss= KjlaA*+K bb B*+Ka b AB 


I. Transmission Losses—Using Two Source 
Areas—Overton-Madison Line and Anderson- 
Wilson Line Not in Service 

S = megawatts generated at Washington plus Burton 
V = megawatts generated at Nelson plus megawatts 
supplied by Riverton line at Nelson (negative if 
feeding out) 

Kilowatt loss = +0.7152+1.222V2-1.4352V 

II. Transmission losses—Using Three Source 
Areas—Overton-Madison Line Not in Service 

5 = megawatts generated at Washington plus Bur¬ 
ton 

N = megawatts generated at Nelson plus megawatts 
supplied by Riverton line at Nelson (negative if 
feeding out) 

M = megawatts supplied by Overton line at Madison 
(negative if feeding out) 

Kilowatt loss = +0.7152+1.22 N2 + 0.70M2- 
1.435 2V —0.655M+0.62 NM 

III. Transmission Losses—Using Four Source 
Areas 

5 = megawatts generated at Washington plus Bur¬ 
ton 

2V = megawatts generated at Nelson plus megawatts 
supplied by Riverton line at Nelson (negative if 
feeding out) 

M = megawatts supplied by Overton line at Madison 
(negative if feeding out) 

A = megawatts supplied by Wilson line at Anderson 
(negative if feeding out) 

Kilowatt loss = +0.715 2 + 1.222V 2 +0.70M 2 +4.47.A2 
—1.435 2V —0.655214' —0.185 A +0.62 2VAf —1.42 N A 

— 0.62 MA 

IV. Transmission Losses—Using Five Source 
Areas 

B = megawatts generated at Burton 
W = megawatts generated at Washington 
2V = megawatts generated at Nelson plus mega¬ 
watts supplied by Riverton line at Nelson (nega¬ 
tive if feeding out) 

M = megawatts supplied by Overton line at Madison 
(negative if feeding out) 

A ~ megawatts supplied by Wilson line at Anderson 
(negative if feeding out) 

Kilowatt loss = +1.10 B 2 +1.01 IF 2 +1.22 2V 2 + 
0.70M2+4.47A2+0.73B1+'-1.31 B 7V- 
0.52 BM- 0.24BA-+.56TF2V--0.781F2fcf- 
0.12WA +0.62 2V2W —1.42 NA -0.62M A 


axis should be checked by calculation of a 
few points from the loss equation): 


42. If the equation in two variables 
has been derived by base loading one or 
more sources, there will be three addi¬ 
tional terms as shown below: 


LaA ~\~LbB -\~Lc 


43. Either form of equation 41 or 42 
may be represented graphically by an 
ellipse. (See page 66 of “Handbook of 
Engineering Fundamentals" by Eshbach. 
This reference shows that the loss equa¬ 
tion in item 15 is a conic section in the 
plane of any two variables and that this 
section meets the test for am ellipse.) 

The construction of ellipses repre¬ 
senting loci of constant loss requires a sys¬ 
tematic procedure if speed and accuracy 
are to be realized. 


45. The major and minor axes oj 
ellipses are seldom parallel to the c< 
thnate axes. The angle of one axis oi 
ellipses with respect to the B co-ordi 
tnay be determined by the following 
pression (but the sign of the angle 
determination of whether major or m 


tan — 0.5 tan 1 [Lab~t- (Lbb—Laa)] 

L should be replaced by K if the first 
form of equation is used. 

46. Another important determination 
is the location of the center of the loss 
ellipses. This center is also the point of 
minimum loss, unless the center is at the 
origin of co-ordinates—in which case the 
minimum loss must be determined by 
other means. The co-ordinates of the 
center are as follows: 

%LaLbb—LbLab 
4 LaaLbb—'Lab 2 

_ %LbLaa —LaLab 
4 LaaLbb — Lab 2 

_ 47 - In the first form of equation (con¬ 
sisting of K terms instead of L terms, the 
loss ellipses are concentric about the origin 
of co-ordinates, and A R and B ]t are each 
equal to zero. 

48. The next items to be determined 
are the major and minor radii. There 
will be a pair of these for every value 
of loss locus to be plotted. To determine 
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these radii, make the following substitu¬ 
tions: 

F— La‘*Lbb-\-Lb 2 Laa — LaLbLab 
G = 4 LaaLbb — Lab 2 

49. Minimum loss occurs when: 

Kw loss —Lc— ( F-t-G) 

In item 31, x equals minimum loss (then 
unknown). 

50. Continue the substitutions begun 
in item 48: 

P = Laa-\-Lbb'-\/ (Laa—LbbY-\-Lab 2 
Q = Laa-\-Lbb j t'\/ (Laa-LbbY+Lab* 

Rl 2 = (major radius) 2 

_ (F-r- G) + (kw loss) — Ac 

“ 05P 

R s 2 = (minor radius ) 2 

(F-h G) + (kw Joss) —Lc 

a 5Q 

51. An ellipse can be constructed 
most easily and with adequate accuracy 
by using three radii (see pages 2-51 of 
“Handbook of Engineering Fundamen¬ 
tals” by Eshbach). These radii have 
been determined analytically by substi¬ 
tution of the standard formula for radius 
of curvature of an ellipse (see page 152 of 
“Calculus” by Granville, Smith, and 
Longley). 

52. For each locus of constant loss, 
determine the following (in addition to 
Ri and R s ): 

At the ends of the major axis (center on 
the major axis) 

Rc — Rs 2 ~^~ Rl 

At the ends of the minor axis: (center 
on the minor axis) 

Rc=Rl*+R s 

At some intermediate arc (length and 
center to be determined by trial) 

r 0 =VrIr s 

See Figure 1 for a typical loss diagram 
on rectangular co-ordinates. The ellipses 
are loci of constant loss, with all sources 
except two base-loaded. Instead of using 
the two sources as co-ordinates, the total 
territorial load of the system is used as 
one co-ordinate, and one source as the 
other. 

53. Minimum-loss co-ordinates as ob¬ 
tained in item 46 should be checked by 
the results of item 36. 

54. Minimum loss in kilowatts as ob¬ 
tained in item 49 should be checked by 
substituting the co-ordinates in item 36 
in the loss equations of item 15. 

55. Loss values at several diverse 
points on a chart constructed as per items 
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Figure 1. Typical loss chart 

System load, tie-line load, and 
loss figures are in megawatts. 
Minimum loss is 5.2, at center 
of ellipses 


41 to 52 should be checked by comparing 
values computed from the loss equation of 
item 15. 

Application of New Method to A-C 
Calculating-Board Studies 

56. The superposition method has 
been used to date for operating purposes, 
where the use of the a-c calculating board 
(except for determining load division) 
would be impractical. There has been 
no opportunity as yet to apply the super¬ 
position method in a-c board studies. 
If kilowatt and kilovar load flows were 
read and totalled separately, the loss 
equation would take account of generator 
excitation, charging current, synchronous 
condensers, different load power factors, 
different R/X ratios, and so forth. True 
vector relations would be maintained, 
and it would be possible to determine 
definitely the accuracy and limitations 
of the longhand scalar method. This 
proposed combination of a-c calculating- 
board analysis with the superposition 
method is largely an unexplored field. 

Time Requirements of New Method 

57. Power systems differ widely in the 
time required to calculate loss formulas, 
as well as in the time required to use 
them. On a system involving five sources 
(plants and tie lines) but with only a few 
loops, a loss formula was calculated com¬ 
pletely and checked by two men in two 
days. Other systems with eight to ten 
sources and complicated networks have 
required two or three weeks work by two 
men to calculate the loss formula. If a 
d-c or a-c calculating board is available 


for load division, the balance of the work 
in determining the loss formula can easily 
be done in N 2 man-hours where N is the 
number of sources. 

58. The use of the loss formula for a 
given set of operating conditions may re¬ 
quire one minute or 15 minutes, depend¬ 
ing on the number of variable sources. 
A large number of operating conditions 
can be calculated very quickly, if the data 
are set up in tabular form and carried out 
systematically. 

59. In general, a loss formula can be 
worked out in less time than data could be 
calculated and tabulated for an a-c board 
study. Losses for a number of conditions 
can then be calculated in a small fraction 
of the time required to read losses on the 
calculating board, not to mention the 
time to change board setups. 

Accuracy of New Method 

60. The accuracy of loss calculations 
by the superposition method outlined 
herein is estimated to be better than ten 
per cent plus or minus on single readings 
and better than five per cent plus or minus 
on daily totals—even under difficult 
conditions. Since losses are only 2 per 
cent to 15 per cent of .power transfer, 
errors in determining transmission losses 
are comparable with errors customarily 
tolerated in metering input and output 
to the transmission system. 

61. The use of the scalar value of Z 
in determining load division without re¬ 
gard to the R/X angle has a negligible 
effect on accuracy, as may be seen by 
calculating a few typical cases (determine 
1 in loop branches with Z constant and 
R/X variable). 


62. Loss data on typical transmission 
systems show that incremental losses can¬ 
not be approximated satisfactorily by 
taking total losses as proportional to the 
square of the system load. Prior to the 
development of the superposition method, 
this was attempted, using a peak loss de¬ 
termined from the annual load factor 
and the annual kilowatt hour loss (as de¬ 
termined from monthly generation, tie¬ 
line, and primary-substation meter read¬ 
ings), following the procedure described 
on page 1159 of the seventh edition of the 
“Standard Handbook of Electrical Engi¬ 
neers.” This square law relation for total 
loss applies only to systems with -one 
power source or with several sources all 
loaded uniformly (on the same percentage 
basis). 

63. On the usual transmission system, 
the curve of total losses against total sys¬ 
tem load may change direction abruptly 
whenever load is placed on a new plant. 
Each change in regulating plant means a 
change in the shape of the loss curve. 
The total loss curve usually consists of 
segments of parabolas (one regulating 
source) or ellipses (more than one regulat¬ 
ing source) with a discontinuity at each 
junction. 

64. Incremental intrasystem trans¬ 
mission loss may be either positive or nega¬ 
tive. 

65. The possible sources of error in 
this method are: 

A . The product of voltage and power factor 
may not equal the assumed average value. 
However, most of the line loss occurs near 
the sources, and the average voltage and 

Table IV. Summary of Minimum-Loss De¬ 
terminations 

I. Minimum-Loss Loadings (in Per Cent of 
Net System Input) 



5 sources,. 17.28.30. 17 g 

4 sources. .19.31.30.20 * 

4 sources.. 20.30. 41 . *.g 

5 sources.. 23.34. 43.’.’ *.* 


II. Megawatts Loss for 100 Megawatts Net 
System Input With Above Minimum-Loss 
Distribution** 


Megawatt Loss 


5 sources 
4 sources 
4 sources 


* Supply at this source equals zero. 

** Total loss varies as the square of the net system 
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line power-factor conditions should be deter¬ 
minable with fair accuracy. 

B . The product of voltage and power-factor 
changes with substation loads, interconnec¬ 
tion transfers, generator kilowatt loading, 
and generator reactive loading. On systems 
with large charging current, the uncorrected 
calculated losses will be too high at times of 
light generation and low interchange. An 
estimated correction is desirable in such 
cases. 

C. The principle of superposition applies to 
a-c load flows only if the line power factor 
is uniform and constant. Short-circuit 
determination on the d-c calculating board 
and other data indicate that the error due 
to arithmetic addition of currents from vari¬ 
ous sources is not important on systems with 
reasonably uniform R/X ratios on major tie 
lines and with reasonably uniform power 
factors on major plants. 

D. Losses are neglected in determining the 
synthetic load-flow diagrams. Analysis 
indicates that losses do not greatly change 
the load division near power sources—where 
the losses are important. Furthermore, the 
calculated currents near the sources would 
not be reduced much if line losses were sub¬ 
tracted. 

The percentage distribution of kilowatt 
load between substations changes hourly 
and seasonally, but the net effect is ordi¬ 
narily small, as may be seen by comparing 
peak and off-peak board studies of typical 
systems. 

F. The prorating of small substation loads 
at terminal substations causes the calculated 
losses to be too small, but this error can be 
reduced by using a more complete transmis¬ 
sion diagram. 

G. Line loss is calculated on the basis of 
uniform current throughout. 

66. Errors listed under A, C, D, and 
G are eliminated if an a-c calculating 
board is used to determine the load flows 
from each source (provided kilowatt and 
kilovar flows are tabulated separately). 
The use of an a-c calculating board will 
facilitate determination of loss equations 
for two or more conditions, such as peak 
and off-peak, reducing the errors listed 
under B and E. 

67. Even when using longhand calcu¬ 
lation, losses under the most important 
operating conditions can be determined 
with reasonable accuracy, using a single 
loss equation (with three to six variables, 
depending upon the number of major 
source areas). 

Appendix A. Derivation of 
Loss Formula 

Each megawatt flow in a given line 
in item 8 for a given source multiplied by the 
ratio of actual generation at that source to 
100 megawatts would give the actual mega¬ 
watts in the line. The total megawatt flow 
m each line is as follows designating the 
various megawatt generator and intercon- 
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nection loadings as G A , G Bt G c , and so forth, 
and the flows—on a 100-megawatt or per 
cent basis—as F A , F B , F c , and so forth: 

Total flow in megawatts^ (G a F a +G b F s + 
GcF c -{- and so forth) divided by 100 

per cent 

At a given transmission voltage and given 
power factor, amperes are linearly propor¬ 
tional to megawatts, and a common con¬ 
stant factor H may be applied to the flow 
totals to get three-phase kilowatt loss. Let 
kv be the average phase-to-phase voltage 
(in kilovolts) for the heavily loaded portions 
of the transmission system (usually near 
generating plants). Let PF be the average 
decimal power factor in the heavily loaded 
portions of the transmission system. 

Three-phase transmission loss in kilowatts 
in any line « (3) (PR) (0.001) = (0.003) (PR) 

T . (0.003) (kva) 2 (tf) 

Loss m any line =---—— 

(1.73) 2 (kv) 2 

_ (0.001)(kw) 2 (i?) (l,00Q)(mw) 2 (i?) 

(PFX kv) 2 ” (PFX kv) 2 

Loss in any line 

_ (1,000) (G a F a -{-G b F b -\- and so forth) 2 (j?) 
(PFXkv) 2 (100 percent) 2 
_ (Q-lHG^Thi-f G B F B -j- and so forth) 2 (P) 
(PFX kv) 2 ” 

H=*—— — 

(PFX kv) 2 

Loss in any line = 

H(G A F A -\-G B F B -hand so forth) 2 (P) 

Intrasystem loss in kilowatts 
= FTZ[(G a F a -\-G B F B -\- and so forth) 2 (P)] 

= PS [(G a *F a *+Gb 2 F b *+2G a F a G b F b + 
and so forth) (R) ] 

~HG a ^(F a >R)+HG b ^(F b *R)+ and so 
forth-j-2P6 : A 6 : J BS(P j4 P 5 P)4- and so 
forth 

K aa = HV(F a >R) 

K ab — 2772 ( F a F b R) 

Making the above types of substitutions 
gives the general loss formula in item 15. 

The square terms will always be positive, 
regardless of the direction of flow in the line, 
and regardless of whether the plant or inter¬ 
connection is delivering or receiving power. 
The product terms will be either positive or 
negative, depending upon whether the basic 
flows from the two sources are in the same 
direction or not, and upon whether power is 
being delivered or received at each of the two 
sources. 

If N is the number of sources, the number 
of square terms will be N. The number of 
product terms will be (N 2 -N)+2 (see 
Table I). 

Appendix B. Procedure for 
Constructing Triangular Loss Charts 

If only three variable sources are in¬ 
volved, a triangular co-ordinate type of loss 
chart maybe constructed from the loss 
equation derived in item 15. 

George—Intrasystem Transmission Losses 


Kw \oss~ K AA A 2 -\-KBBB' i KccG 2 -\- 

K A BAB-\-K A cA C-\-K b cBC 

Assume a fixed total-system net input. 
This permits elimination of one variable 
source (preferably the largest one). Sub¬ 
stitute: 

J= total-system net input 
C^J-A-B 

C 2 = J 2 +A*+B 2 -2JA-2JB+2AB 

After completing the substitution for J, 
let J —100 megawatts. This results in an 
alternative form of loss equation with one 
source eliminated. 

Kw Ioss = M aa A 2 +M B bB 2 +M a A + 

M b B -{- M ab A B -f- M c 

M c = 10,000 K cc 

The preceding equation would be an el¬ 
lipse if A and B were measured along rec¬ 
tangular axes. To make a graph of the 
preceding equation on triangular co-ordinate 
paper, it is necessary to measure the preced¬ 
ing values of A and B from triangular axes. 
The shape of the resulting figure is to be 
determined from a new equation derived 
by transforming co-ordinates. The usual 
geometrical methods of constructing curved 
figures representing second-degree equations 
assume the use of rectangular co-ordinates. 
Denoting by subscripts whether triangular 
(T) or rectangular (R) co-ordinates are used: 

M A aA t 2j tMbbB t 2 -\-M a A t -{-MbB t - f- 

M ab A t B t -\-M c —kw loss = 0 

Substitute 

4 r -0.866£a—0.50(L4 fl 
B t ~A r 

This substitution results in another ellipse, 
referred to rectangular co-ordinates, and 
therefore easy to construct when the major 
and minor radii, location of center, and slope 
of major axis are known. The last two items 
are the same for all values of assumed loss. 

N.aaA r 2 +N B bB r 2 +N a A r +N b B r -\- 

NabA r B r + Nc —kw loss = 0 

From this point on, the construction of 
elliptical loci on triangular co-ordinates is 
the same as outlined for the L type of equa¬ 
tion in item 41, except that the N values ' 
are used. Minimum-loss co-ordinates on 
triangular co-ordinate paper will be at the 
center of the loss ellipses. These co-ordi¬ 
nates may be checked as follows: 

d loss 

- = 2M a a A t + M ab B t -f M A = 0 

d loss 

^ ^ ' = MabAt-^ZMbbFt^fMb — Q 

Solution of the above equations will give 
the minimum-loss co-ordinates and check 
the center of the loss ellipses on the tri¬ 
angular-co-ordinate diagram. 

The slope of the ellipse axes is best re¬ 
ferred to the B r axis by using the N equation. 

In general, quantities derived by the con¬ 
ventional formulas of analytic geometry re¬ 
quire the use of the N equation and rectan¬ 
gular co-ordinates, while quantities plotted 
as triangular co-ordinates require the use of 
the M equation. 
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■JOWER consumers often are supplied 
■from high-voltage distribution or sub¬ 
transmission circuits through transformer 
banks. When such consumers are to be 
charged on the basis of high-voltage or 
primary supply, some way of including 
the transformer losses is desirable with¬ 
out resorting to the difficulties and ex¬ 
pense of direct primary-circuit metering. 

Where metering is applied on the low- 
voltage side of the power transformers, 
errors introduced in the high-voltage in¬ 
put values are due to the losses in the 
transformers, and are of two kinds: 

1. Core losses: These are very closely pro¬ 
portional to the square of the voltage and 
independent of load. The core losses con¬ 
sist of hysteresis and eddy-current losses in 
the iron. These losses are also affected by 
frequency, but the variations in frequency 
on modern systems are so small that the ef¬ 
fect is negligible. Changes in temperature 
likewise have too small an effect to be con¬ 
sidered. 

2. Copper losses: These are proportional 
to the square of the current. Copper losses 
may be divided into two parts; namely, the 
ordinary PR losses, such as would be caused 
by resistance R, and the eddy-current losses. 
The temperature coefficient of the former is 
positive, while that of the latter is negative. 
Since the PR loss is the larger, the net ef¬ 
fect is that losses increase with temperature. 

A temperature rise of 50 degrees centigrade 
increases the losses by about ten per cent, 
whereas the resistance of copper changes by 
roughly 20 per cent over this range. Actu¬ 
ally, the effect of temperature changes can 
be disregarded in the present discussion, 
since it is a small percentage of the power 
being measured. Some of the methods to 
be given can be made to compensate easily 
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for temperature changes, but this is more of 
a theoretical advantage than a practical one. 

Transformers of the size used in serv¬ 
ing consumers from medium-voltage lines 
may be about 99 per cent efficient at full 
load, with roughly equal division of the 
losses, or one-half per cent core loss and 
one-half per cent copper loss. In some 
cases, however, the copper loss at full 
load may be almost twice as high as the 
core loss. 

There are two different metering ar¬ 
rangements in common use: 

1. Current transformers on the high side 
and potential transformers on the low side. 

2. All instrument transformers on the low 
side. 

Arrangement 1 will measure the core 
loss but not the copper loss. Arrange¬ 
ment 2 does not include any transformer 
losses. 

Various 1 methods may be used to in¬ 
clude the effect of the transformer losses. 
Some are: 

1. Estimation of losses from the meter read¬ 
ings. 

2. Loss or compensating meters may be 
added to measure voltage squared and cur¬ 
rent squared, which, by proper calibration, 
will read core loss and copper loss, respec¬ 
tively. 

3. Line-drop compensators may be used to 
correct for transformer resistance drop and 
so include copper loss. 

4. Dummy loads may be added to instru¬ 
ment transformer secondary windings to cor¬ 
rect for core loss. 

5. Methods 3 and 4 may be combined, us¬ 
ing compensators for copper loss and dummy 
loads for core loss. 

6. Light-load and full-load meter adjust¬ 
ments may be altered to shape the load curve 
to the reciprocal of the transformer effi¬ 
ciency curve, 

7.. Methods 3 and 6 may be combined, by 
using compensators for copper loss and 
light-load adjustment for core loss. 


These methods will be taken up in order 
for a typical case. The following assump¬ 
tions are made: 

1. The installation is three 200-kva single¬ 
phase transformers fed from 13,200 volts. 

2. Core loss is 1.1 kw per transformer at 
rated voltage. 

3. Copper loss is 1.9 kw per transformer at 
rated load. 

4. Consumption is 150,000 kilowatt-hours 
per month. The month is assumed to con¬ 
sist of 730 hours. 

From the above information, the core 
loss at rated voltage is seen to be: 

3 X1.1X 730 — 2,409 kilowatt-hours 

If the average voltage differs from 
rated voltage, the core loss will be ap¬ 
proximately 2,409 X (average voltage 4 - 
rated voltage) 2 . 

The copper losses can only be approxi¬ 
mated. The 150,000 kilowatt-hours 
could be 206 kw for 730 hours, or 600 kw 
for 250 hours, or many other combina¬ 
tions of load and time between these 
limits. The figure of 600 kw is set as the 
probable upper limit of the load, since any 
higher load might damage the transfor¬ 
mers. 

206 kw for 730 hours, the lowest possible loss 
for this registration, gives 3X1.9X730X 
(206/600) 2 = 490 kilowatt-hours 

600 kw for 250 hours, the highest probable 
loss, gives 3X1.9X250= 1,424 kilowatt- 
hours 

The customer ordinarily would not in¬ 
stall an excessively large transformer 
bank, nor would he dangerously overload 
it. Consequently, the loss limits are set, 
the former condition giving a lower loss 
limit (core loss plus continuous-load cop¬ 
per loss), and the latter giving the upper 
loss limit. 

The various methods will now be dis¬ 
cussed in detail. 

1. Estimation of Losses From the 
Meter Readings 

The increase in the energy rate to 
cover losses should be such that the total 
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energy per month, multiplied by the in¬ 
crease in rate, will equal the total trans¬ 
former losses over the month multiplied 
by the usual energy rate. Expressing 
this as an equation, let 

E=energy metered on secondary winding 
side per month 

L —transformer losses per month 
E = usual energy rate 
AR=rate increase 

Then 

A RXE^LXR 
or 

A R = RXL/E 

The percentage increase is evidently 
L/E which in most cases will be perhaps 
two per cent as a maximum. Two per 
cent would be too great at full load, but 
this compensates for the fact that no en¬ 
ergy is being registered at no load, al¬ 
though core loss is still being supplied. 
The approximation is quite close, as will 
be seen. 

The demand rate should be increased 
by about one per cent to cover losses at 
full load (expected demand). 

The previous reasoning also makes it 
plain that discounts may be reduced by 
the same percentages in order to com¬ 
pensate for the losses; namely, two per 
cent for energy and one per cent for de¬ 
mand. The estimation below shows how 
this will work out. 

The losses might also be estimated and 
billed separately at the usual rate. 

The estimation in any event would be 
as follows: 

Energy metered = 150,000 kilowatt-hours 
Core loss (one-half per cent of transformer 
rating for 730 hours) is 730X1X3=2,190 
kilowatt-hours 

Copper loss (assume one-half per cent of 
kilowatt-hours) = 750 kilowatt-hours 

Estimated total losses=2,940 kilowatt- 
hours 

Total energy billed = 152,940 kilowatt-hours 

As previously mentioned, there are two 
limiting conditions: 

(a) . A steady load all month which gives 
minimum losses. 

In this case, the steady load which would de¬ 
liver the given energy in one month would be 
(150,000/730) =206 kw. 

Copper losses would be 490 kilowatt-hours, 
as calculated previously. Total losses 
would be 2,680 kilowatt-hours. Total 
energy supplied would be 152,680 kilowatt- 
hours. 

(b) . Rated load on for a length of time 
which delivers the given energy, and no load 
the remainder of the time. 


Thus, 600 kw for 250 hours would give 
150,000 kilowatt-hours. The copper losses 
under these conditions would be 1,424 kilo¬ 
watt-hours as calculated previously. Total 
losses would be 3,614 kilowatt-hours, and 
total energy supplied 153,614 kilowatt- 
hours. 

The estimate is 2,940 kilowatt-hours, 
whereas the average of the two limiting 
cases is 3,147 kilowatt-hours. The billing 
based on the estimation would be within 
0.15 per cent of the billing based on the 
average of the two limiting conditions. 
Actually, this error is less than those 
encountered in meter calibration. 

The total losses are seen to be just 
about two per cent of the measured power 
in either case, which is the justification 


for the two per cent figure used above. 

Even the limiting conditions above 
give errors of only 0.2 per cent and 0.45 
per cent, and these conditions are very 
improbable. For case b (maximum 
losses), the estimate would be within 674 
kilowatt-hours of the actual loss'es. At 1.5 
cent per kilowatt-hour, this would mean a 
loss of revenue of $10 a month or $120 a 
year. A metering outfit for use on the 
high side would cost over $1,000. Inter¬ 
est, taxes, and depreciation would take 
most of the revenue collected, showing 
little justification for the use of a metering 
outfit on this size of load. 

Another billing method, not quite so 
simple as the first given but slightly more 
accurate, is to add a fixed number of 
kilowatt-hours, plus a percentage of the 
energy registered. The fixed number of 
kilowatt-hours would equal the core loss 
as previously estimated. The percent¬ 
age of registered energy would be (copper 
loss/registered energy) also as previously 
estimated. This method is obviously the 
same as estimating the losses and billing 
at the usual rate. 

# Also > in general, it is true, that, the 
higher the registration for a given trans¬ 
former rating, the more accurate the es¬ 
timate can be made. 

2. Loss or Compensating Meters 

Since core loss varies as the square of 
the voltage, a voltage-squared hour meter 


consisting of one element for each phase 
of the transformer will register the core 
loss if the correct multiplier is used. 
Similarly, copper loss may be measured 
by a current-squared meter with the cor¬ 
rect multiplier. The error in loss meas¬ 
urement can be reduced to a very small 
amount, but accurate transformer data 
are required, and these are not always 
available or obtainable. Transformer 
data can be estimated, but design varia¬ 
tions are such that the error may be as 
much as 0.3 per cent of the total power, 
and the accuracy is not much better than 
the estimating methods given. When the 
data are accurately known, the errors 
generally will be no greater than those 


involved in metering directly on the high- 
voltage side and, as will be seen later, 
may be less. 

Compensating meters may be indi¬ 
vidual current-squared and voltage- 
squared hour meters, or they may be com¬ 
bined in one meter. Although three ele¬ 
ments of each type theoretically would be 
required, the accuracy is almost as good 
using one voltage and two current ele¬ 
ments. 2 If the load is normally well bal¬ 
anced, one current element is sufficient. 

Loss meters also may be used to form 
the basis for an estimating method. That 
is, a compensating meter may be installed 
, for a representative period of time, and 
the losses compared to the registration 
of the watt-hour meter during that period. 
This may be used then as a basis for 
changing the rate. For example, if the 
losses were 1.75 per cent of the registra¬ 
tion during this period, the energy rate 
evidently should be increased, or the dis¬ 
count reduced, by 1.75 per cent. Loss 
meters of the current-squared type only 
would be sufficient in cases where the 
voltage is known fairly accurately. 
Most installations probably will fall into 
this category. A five per cent change in 
voltage will change core loss by about ten 
per cent. However, core loss will nor¬ 
mally be about one per cent of the regis¬ 
tration, so that the net error would be 
only about 0.1 per cent, if the average 
voltage differed by five per cent from that 
estimated. 



Figure 1 (left). Line-drop com¬ 
pensator—single-phase circuit 


Figure 2 (right). Line-drop com¬ 
pensator—single-phase circuit with 
alternative connections 
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TO POTENTIAL 
TRANSFORMER 


Figure 4. Polarity require- 



Figure 5. Connection of 
dummy loads to measure 
core loss 



Figure 6, Combination of 
fine-drop compensator with 
dummy loads using an addi¬ 
tional current transformer, 
single-phase circuit 


3. Line-Drop Compensator 

Impedances may be used in the sec¬ 
ondary windings of current transformers 
to produce a drop equivalent to that of the 
transformer bank. This drop may be 
added to the secondary potential trans¬ 
former voltage to make a sum propor¬ 
tional to the primary voltage. Since a 
reactance drop would be at right angles 
to the current, the added voltage from a 
reactance-drop compensator would pro¬ 
duce no registration on a watt-hour me¬ 
ter. Therefore, only resistance compen¬ 
sation is needed in power metering. 

The type of transformer bank deter¬ 
mines the number of compensators re¬ 
quired , two for open delta, three for star 
or delta. 

. Fi S ure 1 illustrates the principle of the 
line-drop compensator. The current 
transformer circulates the current I s in 
the direction indicated, while I P propor¬ 
tional to it flows in the main circuit. The 
voltage between B and A must be in¬ 
creased by the resistance drop in the 
transformer T to obtain the equivalent 
high-side voltage. The resistor R is ad¬ 
justed so that the secondary current pro¬ 
duces a drop equivalent to the transfor¬ 
mer drop. It is seen that I p and I s both 
flow toward B , so that the polarity is such 
as to add the voltage drop. 

Another way of looking at this is to say 
that voltage BA would normally be ap¬ 
plied to the potential coil, B being at 
higher potential than A when the current 
flow is as indicated. The point C, how¬ 
ever, is at higher potential than B by the 
amount of the resistance drop in R. 
Therefore, if the potential coil is con¬ 
nected from C to A , the potential across 
it will be greater than BA by the drop in 
R. The drop in R , in turn, is equivalent 
to the drop in T, so that the equivalent 
of the high-side voltage is applied to the 
meter. 

Figure 2 shows the same method, re¬ 
arranged to permit grounding of instru¬ 
ment transformer secondary windings. 
The difference from Figure 1 is in the 
order in which the transformer secondary 



Figure 3. Line-drop compensator used in 
three-phase three-wire circuit 


pensators 

compensating resistor and meter coil are 
connected in series. - 
In Figure 2 the current flows through 
the compensator and then through the 
meter. The potential coil is connected 
across DF. The voltage DE } which 
normally is applied to the meter, is in¬ 
creased by the drop RF and the total 
DF y applied to the coil. E is at a lower 
potential than D, and the drop in EF 
places F at a still lower potential than E. 

Figure 1 is the clearest for single-phase, 
whereas Figure 2 is simpler in a three- 
phase circuit, in which a third resistor is 
needed to compensate for the third phase 
current as shown in Figure 3. 

Note that although only two elements 
are used, the drops in the three trans¬ 
formers are taken care of by the wye- 
connected compensator. In Figure 3 the 
voltage E 12f for example, =E lQ +E Q2 = 
Eio—Ew. The drops which are added 
vectorially to this voltage before apply¬ 
ing it to the potential coil are the ones 
caused by the currents h and —/ 2 . (Ti-f- 
Iz — —I%.) The addition of these drops 
gives the equivalent high-side voltages 
Eiq and —E 20 , which equals E i2 . 

Although the transformers are shown 
connected delta-wye, the secondary of 
course, could be delta-connected, and the 
meter and compensator connections 
would not be changed. 

The polarity of the connections on a 
line-drop compensating scheme is impor¬ 
tant. To add a voltage to correct for 
IR drop, a drop —JR is needed. This is 
obtained by connecting the voltage leads 
so that the currents of the voltage and 
current circuits are opposite in the com¬ 
pensator (see Figure 4). 

Sometimes the wiring may be used to 
provide the resistance required. For ex¬ 
ample, with one-half per cent drop, or 
0.6 volt on 120-volt basis, the value of R 
would be about 0.12 ohm at five amperes 
or say 75 feet of number 12 American 
wire gauge wire. Where common return 
wires are used for both current and volt¬ 


age, a compensating effect occurs. With 
the usual connection, it results in low 
readings, since the currents of the voltage 
and current circuits are in the same direc¬ 
tion, When properly connected, how¬ 
ever, compensation may be obtained this 
way without other equipment. 

4. Dummy Loads 

Dummy loads may be used to correct 
for core loss. The saturation curve of the 
core is not a straight line, with the result 
that the correction will be slightly low 
on higher than normal voltage, and 
slightly high on lower than normal volt¬ 
age. 

Figure 5 shows core-loss compensation 
by means of a dummy load (the resistance 
R), which allows a current to circulate 
through the current coil in such a direc¬ 
tion as to add the core loss. The value of 
R usually will be around 5,000 ohms. 
The saturation curve could be approxi¬ 
mated by an iron-cored impedance Z, but 
adjustment difficulties make this imprac¬ 
tical. 

5. Line-Drop Compensators and 
Dummy Loads Combined 

Methods 3 and 4 may be combined to 
correct for copper loss and core loss, 
but it will be found that the voltage and 
current connections required are not con¬ 
sistent with each other if both the trans¬ 
formers are to be grounded. 

Four alternatives exist: 

(a) . Use additional current transformers 
to reverse the current for the resistor com¬ 
pensating for copper loss (Figure 6). 

(b) . Use additional voltage transformers to 
reverse the voltage for the resistor compen¬ 
sating for core loss (Figure 7). 

(c) . Add an extra current winding on the 

meter to provide the equivalent of b (Fig¬ 
ure 8). 6 

(d) . Use grounds on only the current trans¬ 
former secondary windings. The voltage 
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Figure 7. Combination of 
line-drop compensator with 
dummy loads using an addi¬ 
tional potential transformer, 
single-phase circuit 



Figure 8. Combination of 
line-drop compensator with 
dummy loads using an addi¬ 
tional series winding, 
single-phase circuit 



Figure 9. Combination of 
line-drop compensator with 
dummy loads, grounding 
the potential transformer 
through the current circuit, 
single-phase circuit 


helpful in increasing the accuracy. If 
they are not obtainable, an average char¬ 
acteristic must be assumed. 

7. Combination of Meter Adjust¬ 
ment and Line-Drop Com¬ 
pensators 

Line-drop compensators may be used 
for copper-loss compensation, and fast 
light-load adjustment for core-loss com¬ 
pensation. This would be more accurate 
on unbalanced loads, such as arc furnaces, 
than method 6, although the advantage 
is not great. 

Reactive Power Measurements 


transformer secondary windings will then 
be grounded through the current circuit 3 
(Figure 9). 

6. Meter Adjustments 

This method consists of setting the 
meter about five per cent fast at ten per 
cent load, one per cent fast at full load, 
and two per cent fast on 50 per cent 
power factor. Since the effect of the ad¬ 
justments practically will offset the trans¬ 
former losses, the over-all result will be 
quite close over the ranges of load nor¬ 
mally encountered. 

From the transformer efficiency curve, 
the full-load and light-load settings can 
be determined. In the example shown in 
Figure 11, these values are found to be 1.5 
per cent at 100 per cent load and 5.5 per 
cent at 10 per cent load. In this case, 
the resultant curve is fairly good over the 
whole range. If the transformers are 
under no load a fairly large portion of the 
time, it may be advisable to use a meter 
without anticreep holes or slots in the 
disk so that it will creep with voltage 
only applied. 

If the disk has no irregularities of any 
sort, the core loss will be measured with 
very good accuracy, since the light-load 
adjustment provides a torque which 
varies as the square of the voltage, as 
does the core loss. 

Note, however, that the same uniform¬ 
ity of the disk would be required of a 
meter on the high side, if the core loss 
were to be measured during periods of no 
load. Therefore, metering on the high 
side may be less accurate than some of 
the methods described here. 

The method of determining the de¬ 
sired curve is as follows: 

Take the reciprocal of the transformer 
efficiency curve. This is the curve which 
the watt-hour-meter registration should 
match. The standard watt-hour-meter 


curves are then changed by three ad¬ 
justments. Full-load adjustment changes 
all points equally. Lagging adjust¬ 
ment changes all points at any given 
power factor (say 50 per cent) equally, 
and intermediate power factors are af¬ 
fected almost proportionally. For ex¬ 
ample, calibrating 100 per cent load 
to 101 per cent at unity power fac¬ 
tor and 102 per cent at 50 per cent lag¬ 
ging power factor would cause all loads at 
unity power factor to register one per 
cent faster than the standard curve. All 
loads at 50 per cent power factor would 
register two per cent faster than the 
standard curve for 50 per cent power fac¬ 
tor. At 75 per cent lagging power factor 
the change would be about 1.5 per cent. 

The light-load adjuster supplies atorque 
independent of load; and therefore the 
effect on registration varies inversely 
with the speed. A change of five per cent 
at ten per cent load would change 50 per 
cent load by one per cent. Note that 50 
per cent power factor will be affected 
twice as much on a percentage basis as 
unity power factor at the same current. 

By means of these adjustments, the in¬ 
verse of the transformer efficiency curve 
usually may be approximated rather 
closely. In this method, as well as any 
of the others, the transformer data are 



pensator with dummy loads, grounding the 

p t ntial transformer through the current circuit, 

three-phase circuit 


The foregoing applies to power meas¬ 
urement. However, the same methods 
may be applied to the measurement of re¬ 
active power. 

The errors introduced are, in general, 
the same as those involved in power meas¬ 
urement as previously discussed. 

The reactive power losses again may 
be divided into two classes: 

1. Excitation losses (corresponding to core 
loss)—dependent on voltage, but varying 
much more rapidly than the square. 

2. Leakage reactance loss (corresponding 
to copper loss)—proportional to the square 
of the current. 

Transformers of the type in question 
will have reactive power losses ranging 
from two per cent to ten per cent, de¬ 
pending on the transformer design. 

The methods which were used for power 
metering may also be used to include re¬ 
active losses. The following points, how¬ 
ever, should be noted. 

When using line-drop compensators, 
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Figure 11. Curves illustrating the us of meter 
adjustments to approximate the reciprocal of 
transformer efficiency 

A Meter curve calibrated 1.5 per cent fast 
at 100 per cent load, 5.5 per cent fast at 10 
per cent load 

B—Meter curve at normal calibration 
C Meter registration in terms of transformer 
input 

D Transformer efficiency curve 
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Figure 12. Line-drop compensation used on 
three-phase reactive meter circuit 


in voltage. For this reason, the most ac¬ 
curate method is the use of compen¬ 
sating meters of the voltage-squared type. 
The kilovar-hours can then be computed 
from the readings obtained. This method 
probably is justified only on transformers 
with high magnetizing current. If the 
reactive power measurement is used only 
to determine demand, the errors in any 
method will be rather small. 

Summary 




Figure 13. Line and phase currents of the 
secondary winding of a delta transformer bank 


reactance only is needed, for the same 
reason that resistance only is required to 
measure conductor loss. That is, a resist¬ 
ance drop added to the potential of the 
reactive meter would produce no rotation. 
Note, however, that when the reactive 
meter consists of a watt-hour meter and 
phase-shifting transformer, the above 
statements apply only when the compen¬ 
sation is applied on the primary side of 
the phase-shifting transformer. On the 
secondary side, resistance compensation 
could be used, but difficulties in making 
the proper connections made this unde¬ 
sirable, The best method is probably 
that shown in Figure 12 which used mu¬ 
tual inductors. This allows more freedom 
in making connections, since the two 
windings are not tied together. 

It will be observed that the current 
transformer in line 1 feeds current through 
mutual inductance Ni which is in the po¬ 
tential circuit 6-7. This voltage lags 3-2 
by 90 degrees and is applied to the ele¬ 
ment in which the current from the trans¬ 
former in line 3 is used. The connections 
of the other inductance are similar. 

The use of dummy loads to measure 
kilovar-hour excitation loss gives some¬ 
what less accuracy than the use of 
dummy loads for core loss. 

If compensating meters of the voltage- 
squared and current-squared type are used 
to measure power losses, no additional 
equipment is necessary to measure reac¬ 
tive power losses. Multiplying the read¬ 
ings of these meters by the correct factors 
will give the reactive power losses. 

Reactive power measurements are sub¬ 
ject to errors, because the magnetizing 
current varies widely with fluctuations 


The foregoing will make it plain that 
several methods of including transformer 
losses in the billing are available. Both 
estimating and measuring methods may 
be used with reasonable accuracy. There 
is no best method for all installations. 
Each must be considered individually. 
The most desirable method is deter¬ 
mined by the various factors involved in 
each installation. These factors will in¬ 
clude expense, customer relations, com¬ 
mission requirements, and importance 
of maintaining laboratory routine, to 
mention a few of the more important. 


Appendix 

The fact that the line-drop compensa¬ 
tion shown in Figure 3 is correct is proved 
as follows: 

In any delta transformer bank with 
balanced impedances (Figure 13) 

h =4“4 

^=I C —I a m 


where R c is the resistance of each leg of 
the compensator. 

Combining terms 

P— [7i 2 +/ 2 2 — h{h+h) 

= (/i 2 +/ 2 2 + h 2 )R c since (/i+4) = -/ 2 
Using equation 3 

2(44"f 44+44) ]7? c 

Now we add and subtract 

(V+I**+Ic % )R e 

which gives 

P = [3CV+V+//)—2 (v»+V.+ 

pi a) — (4i 2 +4, 2 +/ c 2 ) }R e (4) 

However 

(i a +i t +i c y=(i^+i tl ‘‘+j c t) + 

2(44+44+^4) 

From equation 2 this equals 0 so the last 
two terms in equation 4 drop out. The 
measured loss is therefore 

3 ^ c (4 2 +4 2 +4 2 ) 

If 

R c =(P/3) 


(Since the impedances are balanced) 

4+4+4=0 

From equation 1 we And 


the measured loss will therefore equal the 
actual loss 

W+4 2 +4 2 ) 


/i 2 +/2H 4 2 = 2(42+42+42) __ 

2 ( 44 + 44 + 44 ) (3) 

The actual copper loss = (4 2 +4 2 +4 2 )i? 

where R is the a-c resistance of each phase 
of the transformer. In the meter (see 
Figure 3) the element with current h has a 
voltage (Ii-I 2 )R c added to its potential 
coil, and similarly the element with current 
h has a voltage {h~h)R c added to its po¬ 
tential coil, so the loss measured, 

^ ~ 4 (4 4) P c +7a (4— 12 ) R c 
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The Effect of Current-Transformer 
Residual Magnetism on Balanced-Current 
or Differential Relays 

H. T. SEELEY 

ASSOCIATE AIEE 


Synopsis: High-speed current-balance re¬ 
laying has been subject to occasional false 
tripping that has not been explained satis- 
factonly. Field and factory tests now show 
that this is probably due to differences in 
residual fluxes in the current-transformer 
cores The limiting value of these fluxes 
can be calculated approximately, and they 
can be measured with portable instruments 
connected to the secondary winding. They 
may cause a deficiency in secondary current 
especially during the first half-cycle of fault 
current, which will cause current-balance or 
differential-overcurrent relays to operate 
falsely. This false operation can be avoided 
by the addition of a short inherent or ex¬ 
ternal time delay with relays having a high 
dropout, or by the use of special current 
transformers. 


ALANCED-CURRENT relaying has 
O been favored widely in system pro¬ 
tection, because, in principle, its com¬ 
plete lack of sensitivity to faults outside 
the protected line makes time delays 
unnecessary and avoids all problems of 
co-ordination with the settings of relays 
further from the source. 

Experience with induction-disk relays 
applied in this form of protection was 
entirely satisfactory until requirements of 
system stability or of uninterrupted 
operation of industrial motors caused a 
demand for reduction in the fault dura¬ 
tion even below the minimum of a few 
cycles obtained with such relays. 'High¬ 
speed current-balance relays operating in 
less than a half-cycle were then applied 
and experience with them also has been 
satisfactory, generally. However, there 
has been a very small percentage of false 
operations resulting in the tripping of a 
breaker on a sound line, and, if the fault 
causing this tripping is on the only other 
line between the two terminals, such false 
operation naturally causes loss of the tie 
or interruption of supply. The purpose 
of this paper is to report an investigation 
which has shown the probable cause of 

Paper 43-28, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
national technical meeting, New York, N. Y. f 
January 25-29, 1943. Manuscript submitted 

November 25, 1942; made available for printing 
December 14, 1942. 

H. T. Sebley is in the switchgear relay engineering 
department, General Electric Company, Phila¬ 
delphia, Pa. 


most, if not all, of the false operations not 
otherwise accounted for and provided 
against. 

The clew that provided the basis for the 
investigation was obtained from tests 
made by G. S. Whitlow, then of the 
General Electric Company, and C. E. 
Asbury of the Illinois-Iowa Power Com¬ 
pany. They were conducting primary 
tests with a low-voltage source to deter¬ 
mine the reason for one of the false opera¬ 
tions mentioned above and found that 
the only way to cause false tripping with 
equal primary currents was to reverse the 
direction of current through the primary 
winding of one current transformer with 
respect to the other. The sudden first 
application of current after a reversal 
would usually result in operation of one 



Fisure 1. Oscillogram from field tests, show¬ 
ing difference between secondary currents of 
two similar 38-turn current transformers with 
similar burdens and 2,540 amperes primary 
current 

2,540/38 = 67 

A —Secondary current of current transformer 
with residual flux 

B —Secondary current of current transformer 
with less (or opposite) residual fW 
C—Relay contacts open 
0—Relay contacts closed 


or the other element of the current-bal¬ 
ance relay. Since this relay had been 
tested without current transformers pre¬ 
viously with suddenly applied current, 
they diagnosed the false tripping as being 
due to residual magnetism in the current- 
transformer cores. Fortunately, oscillo¬ 
grams were taken during these tests, so 
the offending element had left some evi¬ 
dence. Figure lisa tracing from a typical 
one of those oscillograms showing the 
currents which caused false tripping by 
providing insufficient restraint. The 
traces show the two secondary currents, 
and, since the primary conductors of the 
two current transformers were in series, 
it is obvious that the deficiency of 
secondary current in one of the current 
transformers in the first half-cycle was 
due to some phenomenon within the cur¬ 
rent transformer. This phenomenon has 
been analyzed and will be described 
briefly at the outset as a basis for an 
understanding of the test methods and 
test results described later. 

Hypothesis to Explain the Observed 
Phenomenon 

The following hypothesis appears to 
be in accordance with the results of the 
field tests and the factory tests: 

1. A significant amount of residual flux is 
left in the core of only one of the two current 
transformers which supply one balanced- 
current relay. 

2. This residual flux remains in the current- 
transformer core practically undiminished 
unless the circuit is loaded, in which case it 
is decreased gradually but not usually re¬ 
moved entirely. 

3. A subsequent fault beyond (or near) the 
end of the pair of protected lines with both 
lines in service will draw equal (or nearly 
equal) currents through the primary wind¬ 
ings of the pair of current transformers as 
shown in Figure 2. The direction of pri¬ 
mary current during the first half-cycle is 
random and may be such as to require an 
increase in current-transformer core flux in 
the same direction as the existing residual 
flux. 

4. The sum of these fluxes is likely to ex¬ 
ceed saturation value, in which case there 
will be a deficiency of secondary current 
from this current transformer equal to the 
magnetizing current necessary to produce 
enough flux to generate the voltage required 
for the actual secondary current. 

5. This deficiency of secondary current 
will be smaller, possibly even negligible, in 
the other current transformer because of its 
lack of residual flux. 

6. The greater secondary current from the 
current transformer without residual flux 
may operate the balanced-current relay in 
one direction, 

7. Since the location of residual flux (in one 
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current transformer or the other) is unre¬ 
lated to the location of the subsequent fault, 
and the currents are practically equal except 
for the transient error, an element may oper¬ 
ate falsely for an external fault; or an ele¬ 
ment on the sound one of a pair of lines may 
operate for a fault in the other line, near its 
further end. 

With the preceding brief outline to 
show the relation between the various 
ideas involved, we can profitably cover 
the first two of the points in more detail. 

1. The residual flux may be left by a 
half-cycle impulse such as a fault current 
cleared by an expulsion gap or a fuse, or 
such as a power-frequency current follow¬ 
ing a lightning arrester discharge; or by 
a fault current cleared after an odd num- 


winding partly because of the resulting 
high voltage, but also because of the 
danger of magnetizing the core. It is 
now known that any of the conditions 
previously mentioned can run the flux 
density in the current-transformer core 
up to saturation value if the primary cur¬ 
rent or secondary burden is high enough, 
or with smaller currents or burdens if 
the transient is applied twice or a few 
times with the same direction of initial 
half-cycle; and therefore the residual 
flux introduced by unavoidable circum¬ 
stances may be practically as great as the 
value formerly supposed to result only 
from careless testing or faulty wiring or 
devices. 


2. The fact that normal operation fails 
to remove the residual flux completely is 
in accordance with the known character¬ 
istics Of permanent magnet materials, 
which differ from transformer iron only 
hi degree even though the degree is 
extreme. If a large magnetizing force is 
applied to either of these materials it 
produces saturation, as indicated in 
Figure 4, and, if it is reduced to zero 
without reversal, a* residual flux is left, 
often of just as great a percentage of its 
own saturation value for high-quality 
annealed iron as for high-quality per¬ 
manent magnet steel; the main differ¬ 
ence between these steels is in the coercive 
force necessary to bring the flux to zero. 


UaaJD 



-CH 


-CH 


Figure 2. Schematic connections for balanced- 
current relaying of two parallel lines, showing 
equal currents in the two lines for a fault at the 
end of ne of them (length of arrows indicates 
current magnitude) 

a = Auxiliary switch, dosed when Cis closed 
C—Circuit breaker 
CT= Current transformer 
£ = Current-balance relay 
TC— Trip coil 
X= Fault 


her of half-cycles; or by a fault current 
that is offset because it started in an in¬ 
ductive circuit near the zero point of the 
voltage wave; or by a power-transformer 
magnetizing-inrush current which is offset 
because of the presence of residual flux 
in the power-transformer core prior to its 
energization. Residual flux may be left 
in only one of the pair of current trans¬ 
formers because the primary conductor 
of its mate is out of circuit at the time of 
the transient; or because the fault causing 
the transient was on the primary circuit 
of one current transformer and so near by 
that the currents in the two current trans¬ 
formers were greatly different in magni¬ 
tude. 

In earlier days of the industry it was 
considered a serious offense to open-cir¬ 
cuit a current-transformer secondary 
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(a). Wave started at 90+ 
(tarmbV/^degrees after instant 
of zero voltage, where X and 
R constitute the impedance 
limiting the current in the 
primary circuit; this gives a 
fully offset wave 


Secondaryturn$ = 38 
Core area - 6.4 
square inches 
Frequency = 60 cy¬ 
cles per second 
Time constant^ 
0.013 second 
A — Secondary cur¬ 
rent 

B —Required flux 

density 

C—D-c component 
of A 

£—Component of B 
caused by C 
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(b). Wave started at (tan 
X/R) degrees after instant of 
zero voltage; this gives a 
symmetrical wave 


Figure 3. Secondary currents in burden of 
0.77+/1.06 ohms, and current-transformer- 
core flux densities required for these currents 

Then, if a pulsating or alternating mag¬ 
netomotive force is imposed, and this 
magnetomotive force is small compared 
with the coercive force of the particular 
material, the operation will stabilize on 
what is known in permanent-magnet 
theory as a minor loop, and this loop will 
be far removed from the zero axis of flux, 
one end coinciding with the residual-flux 
trace of the high-density hysteresis loop 
unless the small alternating magnetomo¬ 
tive force has been reduced from the 
maximum value attained since satura¬ 
tion. A phenomenon of this sort is 
characteristic of current-transformer 

operation at normal loads, because they 
require only a small flux density and 
therefore a fairly small magnetomotive 
force even when displaced from the zero 
axis of flux. Figure 4 is a sketch of half 
of the usual major loop B resulting from 
the application of fault current, within it 
a minor loop C resulting from the subse¬ 
quent application of full load current, 
and also a smaller minor loop D obtained 
by finally reducing the load current to 
half rated value; these minor loops are 
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Figure 3a shows a fully offset primary- 
current wave and the corresponding wave 
of required flux applying to the current 
transformer and burden used in the error- 
current tests. This fully offset wave 
requires more flux than any other current 
of the same symmetrical value having a 
smaller degree of offset. The fluxes re¬ 
quired for larger or smaller currents are 
in direct proportion to the current. 
Figure 3b shows a symmetrical current 
wave and the corresponding wave of 
required flux; this symmetrical wave 
requires less flux than any other current 
of equal magnitude with this burden. A 
purely reactive burden of the same total 
impedance would require a flux wave of 
the same amplitude, but this flux wave 
would be symmetrical, and therefore its 
peak value would be much less. A reduc¬ 
tion in secondary resistance may be even 
more beneficial with an offset wave, 
because it decreases the unidirectional 
component of flux caused by the d-c com¬ 
ponent of current. These flux waves were 
calculated from the formula 

10 s 

^ = V (R f^v d t+Li v ) (1) 





not test results, but are intended only to 
convey an understanding of the phenome¬ 
non. 

Outline of Tests 

In an effort to duplicate in the factory 
the false operation obtained in field test, 
a series of tests was laid out using a simi¬ 
lar burden on current transformers of 
nearly the same size as those used in the 
field tests, and with secondary turns 
chosen to require the same flux density 
as those current transformers for the 
same secondary current. A method was 
devised, and checked, for measuring 
residual flux without decreasing it greatly 


quantity in the investigation. Also, it 
was felt that a method of residual-flux 
measurement using only portable meters 
and readily obtainable test power would 
be useful for field work. Another require¬ 
ment for the investigation at hand was 
that the method should not decrease the 
residual flux very much in the process 
of measurement, since it was desired to 
produce a residual flux by applying a 
typical transient, measure this flux, and 
then use the flux after measurement to 
cause an error current which could be 
measured, or checked for its effect on a 
relay. 

For the above reasons a method was 
devised which consists of applying to the 


motive force of 0.258 root-mean-square 
ampere turns per inch of core length. 
The induced voltage is very sensitive to 
magnetomotive-force magnitude, as can 
be seen from the fact that a force half as 
great gave no measurable voltage, and so 
the curve should not be used to determine 
residual flux with any other value of 
magnetomotive force impressed. The 
voltages were measured by means of a 
rectifier type of voltmeter because of 
the relatively low impedance of the 
dynamometer type. 

A determination of the decrease caused 
in residual flux by this magnetomotive 
force was made by leaving the flux meter 
connected during the instant when the 



Figure 4 (left). Resid¬ 
ual flux of perma¬ 
nent-magnet steel and 
ingot iron 

d=Alnico perma¬ 
nent-magnet steel 
3= Ingot iron, hydro¬ 
gen-annealed 
C = Mi nor loop in 
ingot iron 

D = Minor minor loop 
in ingot iron 



RMS AMPERES 


Figure 5. Saturation curves of current trans¬ 
former and magnetization curves of the steel 


and measurements were made by this 
method of the residual flux left by various 
transients. Tests were made to deter¬ 
mine whether the passage of time or of 
rated current would cause a decrease in 
the residual flux left in the core. Os¬ 
cillograms were taken showing primary 
current, secondary current, and error 
current with and without residual flux, 
and others were taken showing primary 
and secondary current and relay opera¬ 
tion with and nonoperation without 
residual flux. 

Table I lists for reference the dimen¬ 
sions and other pertinent data on the 
current transformers and burden used in 
the tests. 

Nondestructive Test for Residual 
Flux 

It was apparent at the outset that 
ballistic measurements of residual flux 
left by typical primary-current transients 
would not be feasible, since the zero-flux 
reference point would be obliterated by 
the transient; and also because splitting 
the core, even though the joint surfaces 
were ground, would introduce an un¬ 
avoidable gap which would decrease the 
residual that was the most important 


secondary winding a very small measured 
60-cycle magnetizing current and measur¬ 
ing the voltage necessary to circulate this 
current through the winding; this 
method will hereinafter be described as the 
impedance method of residual-flux meas¬ 
urement. By trial of this method it was 
found that the voltage decreased as the 
residual flux increased, and the relation 
between the volts per turn per square 
inch and the residual-flux density was 
determined experimentally by the use of 
a portable flux meter (which is equivalent 
to a ballistic galvanometer). This rela¬ 
tion is shown in Figure 6 for a magneto- 


Table I. Characteristics of Current Trans¬ 
formers and Burden Used in Test 


Core material.2.75 per cent silicon steel 

Core construction.. .Spiral strip 

Core treatment.Annealed after welding ends 

Core diameters.8 3 A inches outside, 6 3 /i inches 

inside 

Core height.7 3 /g inches 

Active core area... .6.4 square inches (space factor 
0 . 88 ) 

Mean flux path. . . .24.4 inches 

Windings.Two, of 38 turns each, 0,12 

ohm each 

Burden at 5A .0.65+j 1.06 = 1.16 ohms 

Burden at 50 A .0.72 ohm 

Size constant (2)... .491 
Saturation curves.. .Figure 5 


^ A-c saturation curve, 38 secondary turns 
B D-c magnetization curve, 38 secondary turns 
C—A-c magnetization curve of steel, calcu¬ 
lated from A 

O—A-c magnetization curve of steel, design 
data 


measuring force was first applied; Figure 
6 shows also this relation. 

Measured Values of Residual Flux 

Measurements were made by the ballis¬ 
tic method to determine the relation 
between the flux density produced by 
application of a given value of magneto¬ 
motive force and the residual-flux density 
remaining after removal of this force. 
This test was made at various values of 
flux density up to saturation, and the 
results are shown in Figure 6. The re¬ 
sults as plotted are a characteristic of the 
grade of iron in the transformer and not 
merely a characteristic of this particular 
size of transformer. It will be noted that 
the residual flux is 60 to 85 per cent of the 
maximum flux immediately preceding. 

This information enables one to assign 
a maximum value to the residual-flux 
density which will be left in a current- 
transformer core by a given transient, if 
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Table II. Measured Flux Density Left in 
Current-Transformer Core by Various Transients 


Flux Density, Kilo¬ 
lines Per Square 
Inch 



1 

} . . .8A. . . • 

CS. 

.50. 

.7.0. 

. Small. 

. 40. 

.24. 

.39 

2 , 

.5. 

.50. 

.6.5. 

. . 0. . 

.162. 

.75. 

.53 

3 


S. 

.50. 

.6.5. 

. .45. . 

. 162. 

.75. 

.58 

J I 


s. 

.50. 

.6.5. 

..50. . 

.162. 

.75. 

.60 

5 I 

► . . .85. . . < 

s. 

.20. 

.5.5. 

.. 0.. 

. 65. 

.56. 

.32 

6 | 

s. 

.20. 

.5.5. 

. .23. . 

. 65. 

.74. 

.56 

7 

1 | 

s. 

.20. 

.5.5. 

. .48. . 

. 65. 

.75. 

.67 

8 J 


is. 

.20. 

.5.5. 

. .59. . 

. 65. 

.75. 

.70 

9 ) 

o fi ( 

[0. 

.50. 

.6.0. 

.. 0. . 

.380. 

.75. 

.35 

10 

....sc...., 

\o. 

.50. 

.6.0. 

. .27. . 

.380. 

.75. 

.67 

11 ) 

( 

0. 

.50. 

.6.0. 

. .60. . 

.380. 

.75. 

.67 

12 

... 8 D ... 

0. 

.50. 

. y«. 

.. 0.. 

.295. 

.75. 

.65 


* S =* Symmetrical. 

O = Completely Offset. 


he knows the initial density, core dimen¬ 
sions, turns, and voltage required by the 
burden for this particular transient; it is 
necessary only to determine from the 
usual transformer relation the peak flux 
density corresponding to the required 


ones predicted from Figure 6, partly 
because the maximum density is less than 
the calculated value by reason of satura¬ 
tion of the burden and partly because the 
d-c component of error current partially 
restores the core flux to symmetry if the 
transient continues more than one cycle, 
thus further reducing the maximum den¬ 
sity reached during the last half-cycle. 

A test was made showing how residual 
flux can accumulate as a result of succes¬ 
sive transients which happen to have the 
same polarity of initial half-cycle. The 
results are the second, third, and fourth 
trials listed in Table II; also the fifth to 
eighth, and the ninth to eleventh. 

Permanence of Residual Flux 

The core was magnetized and the 
re£idual-flux density, measured by the 
impedance method, was found to be 
75,000 lines per square inch. The core 
was left undisturbed for about 40 hours, 
after which a check measurement gave 
the same readings. 

A current of five amperes at 60 cycles 
was then applied to the primary, requiring 
a secondary voltage of 5.8 and a calcu¬ 
lated peak-to-peak flux density of 18,000 
and was left flowing for about 24 hours, 
after which another check measurement 


(Left) A —Maximum flux 
density during last half¬ 
cycle before applying 
test current 

B= Residual flux density 
before applying test 
current 

C=Residua! flux density 
after applying test 
current 


Figure 6. Relation between induced voltage and previous 
flux values, at 0.258 ampere turns per inch of core length, 
60 cycles 
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A = Ammeter 
B= Burden 

C ~Synchronous switch 
R— Reactor with air gap 
Sd, $p/ * 5 s = Shunts with oscil¬ 
lograph elements,* difference 
current, primary current, and 
secondary current respectively 
T— Current transformer under 
test 

Figure 7. Circuit for oscillo¬ 
graphic measurement of error 
current 


voltage, add it to the initial density, and 
read from the curve the maximum resid¬ 
ual-flux density that can be left in the' 
core. 

Measurements were made by the im¬ 
pedance method to determine the resid¬ 
ual-flux density left by various transients 
such as are likely to be caused by lightning 
discharges or other insulation failure. 
To permit direct comparison of the results 
with various types of transients, the tests 
were all made at the same steady-state 
value of secondary current, approximately 
50 amperes, with a burden of 1.16 ohms. 
The results are given in Table II. The 
measured values are usually less than the 


showed that the residual-flux density de¬ 
creased to 23,000. Lower currents 
would cause smaller decreases, but no 
investigation was made of this relation, 
or of the relation between time and resid¬ 
ual flux, at five amperes load. 

Oscillograms of Error Current 

The concept of error current or exciting 
current in a current transformer has 
sometimes seemed elusive, and it was 
thought that the nature of the phenome¬ 
non being investigated would be made 
clearer if we could get a direct measure¬ 


ment of this current in a form which 
would permit visualizing its relation to 
the primary and secondary currents. 

An oscillogram provides the best means 
for visualizing an electrical quantity, 
especially a transient one, and so the 
apparatus was arranged to provide a 
portion of the circuit where error current 
could be measured directly. Referring 
to Figure 7, the primary and secondary 
windings, having an equal number of 
turns, were connected in series with os¬ 
cillograph shunts. From the junction of 
these two shunts a third one was con¬ 
nected to receive the difference between 
the primary and secondary current; 
this difference is the error current, when 
the turn ratio is 1/1. When the current 
transformer transforms perfectly, there 
is no voltage drop across the error-current 
shunt and no current in it, but, when the 
ratio breaks down, the error current 
flows in this shunt. This method is sub¬ 
ject to a slight inaccuracy, because, when 
this shunt carries current, there is a 
voltage drop across its terminals which 
helps the secondary induced-voltage drive 
current through the burden impedance, so 
that the error current obtained is some¬ 
what less than it would be if the secondary 
circuit were closed directly on itself, and 
therefore the results are slightly optimis¬ 
tic, The maximum instantaneous drop 
across this shunt was 13 volts as com¬ 
pared with an instantaneous value (cal¬ 
culated from the oscillogram) at the same 
instant, of 23 volts induced in the second¬ 
ary winding, but the inaccuracy of results 
seemed slight enough to be tolerated for 
the sake of obtaining a direct record of 
error current. 

Typical oscillograms obtained with 
this circuit are reproduced in Figure 8. 
Oscillograms (A) and ( B ) show the differ¬ 
ence in behavior, with symmetrical waves 
of primary current, depending on the ab¬ 
sence or presence of residual flux; (C) 
and ( D ) show the corresponding compari¬ 
son with fully offset waves. The residual- 
flux measurements show how the succeed¬ 
ing cycles of fault current in (C) removed 
a large part of the flux put in by the first 
half-cycle, which was similar to (£). 

Effect on Relay 

The final test of the hypothesis was an 
experiment to determine whether the 
increase in error current, already shown 
to result from the presence of residual 
flux in the core, would permit picking up 
a relay which would be restrained success¬ 
fully in the absence of the residual core 
flux. 

The burden 'or this test consisted of a 
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current-balance relay plus enough arti¬ 
ficial burden to bring the total external 
burden up to 0.57+ 70.82 = 1.01 ohms. 
Including the internal resistance, the total 
resistance was 0.69 ohm, giving a size 
constant of 550. 

In the course of this experiment it was 
found that 

1. The normal transient error current with¬ 
out residual flux was sufficient to permit 
operation of a current-balance relay ener¬ 
gized from the primary and secondary cur¬ 
rents of the same 1/1 current transformer. 

2. The difference between the transient 
error currents of similar current transformers 
without residual flux and with equal pri¬ 
mary currents but with different burdens 


fault, and therefore the residual fluxes 
resulting from it, are necessarily unequal 
in the three sets of current transformers; 
and a subsequent fault involving the 
opposite one of the two sets of current 
transformers in the line side of the gen¬ 
erator winding will encounter different 
residual fluxes in the two sets involved 
this time and may cause false operation 
of the differential protection if its delay 
is inadequate. 

Effect on Bus Differential Protection 

This phenomenon affects differential- 
overcurrent relays used for bus protection 


minating in an ungrounded winding of a 
machine or a transformer bank, no selec¬ 
tivity is required, and therefore instan¬ 
taneous relays have been used. Such 
relays are liable to false operation because 
of error currents resulting from different 
residual fluxes in the current transformers 
of different phases. Such inequality of 
residual fluxes in the event of a phase-to- 
phase fault can result from a previous 
ground fault, or from a previous phase-to- 
phase fault involving a different pair of 
phases. Such false operation of an in¬ 
stantaneous ground-overcurrent relay has 
been recorded in service, although it has 
not been determined whether the major 



Figure 8. Typical os¬ 
cillograms of error cur¬ 
rent (see Table (I for 
identification) 

D — Error current 
P= Primary current 
S — Secondary current 



was sufficient to permit operation of a 
relay balancing the two secondary currents. 

After these difficulties were overcome, 
it was found that 

3. With similar current transformers, no 
residual flux, equal burdens, and equal pri¬ 
mary currents, the relay would not operate. 

4. With similar current transformers, equal 
burdens, and equal primary currents, but 
with residual flux in only one current trans¬ 
former, the relay would operate. 

The oscillograms of tests 3 and 4 are re¬ 
produced in Figure 9. 

Effect on Generator Differential 
Protection 

This phenomenon need have no effect 
on generator-differential protection using 
only two sets of current transformers, 
since they can be demagnetized before 
being put in service if it is suspected that 
they are magnetized, and their subse¬ 
quent histories are identical. It should 
be considered, however if three sets of 
current transformers are used, as is 
sometimes necessary with double-bus 
arrangements or with station-auxiliary 
transformers tapped off between the 
generator and its circuit breaker. The 
reason is that the currents during a given 


just as much as it affects balanced-cur¬ 
rent relaying. However, as has pre¬ 
viously been pointed out, 1 this effect is 
unimportant in comparison with core 
saturation caused by the d-c component 
of an offset current, and so it need be 
considered only in marginal cases, if at all. 

Effect on Instantaneous Residual- 
Current Relays 

Residual-current relays are often con¬ 
sidered advantageous, because their set¬ 
tings are independent of load current. 
In some cases, such as a single line ter- 


cause was the residual core flux or the 
inherent difference in d-c component of 
the transient currents in the three phases. 

Conclusions 

While the phenomenon described is 
reproducible at will under controlled con¬ 
ditions, reported field experience indi¬ 
cates that the percentage of false opera¬ 
tions that might be traced to it is small, 
and undoubtedly there are many locations 
where these improbable operations can be 
tolerated. However, some locations re¬ 
quire the greatest obtainable reliability, 


Figure 9. Oscillograms of relay 
operation with, and nonoperation 
without, residual flux 

9A - With residual flux in only 
one current transformer 
9fi = Without residual flux in 
either current transformer 
P ~Primary current 
R — Secondary current in re¬ 
straining coil 

C = Current in contact circuit 
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I N the last few years considerable work 
has been done, in this country by the 
Joint Co-ordination Committee on Radio 
Reception of Edison Electric Institute, 
National Electrical Manufacturers’ Asso¬ 
ciation, and Radio Manufacturers* Asso¬ 
ciation, and in Canada by the Depart¬ 
ment of Transport, to develop radio-noise 
measuring circuits and instruments. 1 ' 2 
The methods 2 of measuring radio noise 
and the instruments have reached the 
point in their development where the 
data obtained with these standard in¬ 
struments can be correlated and the radio¬ 
influence characteristics of electric ap¬ 
paratus and power systems can be de¬ 
termined. 

Radio co-ordination of electric appara¬ 
tus is conveniently divided into two 
classes—low-voltage and high-voltage. 
The low-voltage class consists of appara- 
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problem and placing it on a basis suitable for numeri¬ 
cal calculation. 


and for them it seems necessary to seek a 
means of avoiding false tripping. 

One means, but not a very practical 
one, is to demagnetize both sets of current 
transformers after each external fault 
when only one circuit is in service, and 
after each internal fault. 

Another means is to use only relays 
with sufficient delay to permit the error 
current to reduce the residual flux and 
thus prevent completion of their false 
operation. This delay may be inherent, 
or it may be incorporated in an external 
definite time relay if the balanced-current 
relay has a dropout high enough to per¬ 
mit it to reset when the secondary cur¬ 
rents again approach equality. 

In cases where high-speed relaying is 


tus used below 1,200 volts and frequently 
operated by and on the premises of the 
radio listener. Considerable co-ordina¬ 
tion work has been done on this class of 
apparatus, and values of radio-influence 
voltage have been established for certain 
appliances and small motors. The high- 
- voltage class includes apparatus used in 
this generation, transmission, and dis¬ 
tribution of electric power. The problem 
of co-ordination of radio reception with 
this class of apparatus is more complex 
than it is for the low-voltage equipment 
and has not been completed. 

This paper is concerned with high- 
voltage apparatus and describes tests and 
method for calculating the over-all effects 
on radio reception resulting from the 
radio-frequency voltages produced in¬ 
cidentally by power apparatus. The cal¬ 
culations depend upon a number of fac¬ 
tors for some of which the range and 
probable values have not been deter¬ 
mined. One of these factors for which 
information is required is the coupling 
factor of antenna to power lines and is 
defined as the ratio of field intensity at 
the radio listener’s antenna to the field 
intensity under or near the transmission 
line. To determine this coupling factor, 
field tests were made at radio frequencies 
in a city receiving power from 25-kv 
transmission lines and 4-kv distribution 
circuits. A radio-frequency generator 
was connected to the 25-kv bus at the 


essential, the best solution lies in tlie use 
of current transformers with small or 
large air gaps in the cores. 2 Ironless 
couplers 3 could be used, but would pro¬ 
vide a smaller output and require a more 
sensitive relay. 
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substation, and field-intensity measure¬ 
ments were made near the power lines 
and at 29 receiver antennas located at 
various distances from the 25-kv lines. 
The coupling factors to the nearest 
power circuit and to the 25-kv line were 
thus obtained for all the antennas tested. 

Various other data useful in radio co¬ 
ordination were obtained. These include 
equivalent effective height of outdoor 
antennas used by radio listeners, types of 
grounds and distances from antenna to 
high-voltage and low-voltage lines. 

Radio Co-ordination—High-Voltage 
Apparatus 

In order to obtain a basis for evaluating 
the various factors in the radio co¬ 
ordination problem, it is necessary to 
provide a method of calculating the effect 
on radio reception of the radio-frequency 
voltages which may be generated by line 
and station apparatus. It can be shown 
that the following factors must be con¬ 
sidered: 

(a) . Broadcast-station field intensity in 
microvolts per meter. 

(b) . Signal to noise ratio acceptable to 
radio listener. 

(r). Ratio of interference field intensity at 
antenna to value at high-voltage line. 

(d). Ratio of radio-influence voltage on line 
to field intensity under or near the line. 

(c) . Ratio of radio-influence voltage meas¬ 
ured with standard laboratory-test circuit 
to voltage which will appear on line when 
apparatus is connected. 

(/). Effect of service conditions. 


Discussion of Co-ordination Factors 

(a) . Broadcast station field intensities de¬ 
pend on the locality and can be measured 
with the standard radio-noise meter. The 
magnitudes of the field intensities available 
as a function of the percentage of radio 
listeners is beyond the scope of this paper. 

(b) .' The signal to noise ratio acceptable to 
radio listeners is probably in the range of 
30 to 40 decibels. What the ratio should be 
depends on the type of radio program and 
the environment of the listener. Some back¬ 
ground noise can be tolerated in most cases 
if the program is quite understandable with¬ 
out undue concentration provoked by the 
background noise. 

(c) . The coupling of antenna to high-volt¬ 
age line determines the effect on the radio 
receiver of radio-frequency fields under or 
near the power circuits. Because the coup¬ 
ling factor varies over a wide range, it is 
necessary to use distribution curves for the 
data and to use values of the factor which are 
significant for the case or area considered. 
The tests described in this paper were out¬ 
lined and made with the purpose of obtain¬ 
ing more information on this anlenna-power- 
line coupling factor. 
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Table I. Antenna Characteristics 


Twenty-five-kilovolt lines to substation shown 
four-kilovolt distribution spreads over area 
along with necessary street lighting, d-c Feeder 
and telephone circuits 

Twenty-five-kilovolt lines, four-kilovolt dis¬ 
tribution, telephone on same poles along lines. 
D-c feeders also on two lower line sections 

(d) . This factor varies with the line height. 
Values from 55 to 90, average of 70, were 
measured 30 feet from the line, and under 
the line wires the values averaged only six 
per cent lower. In these cases there are 
25-kv, 4-kv, and street-light circuits on the 
same poles, and the field under the line does 
not decrease with distance from the line so 
rapidly as it does with single-circuit lines. 

(e) . It is necessary to consider the effect 
of loading on radio-interference generators. 
Most generators connected to high-voltage 
circuits have several times the impedance 
(600 ohms) used in the standard high-volt¬ 
age test circuit to load the apparatus. Be- 



Type 


Length 

(Feet) 


Height 

(Feet) 


Ground 


Feet to 
Equivalent Nearest 
Effective 
Height 
(Meters) 


High- 

Voltage 

Line 


Feet 
to Low- 
Voltage Line 


Coupling 

Ratio** 


Figure 2, Percentage of total number of 
antennas tested with ratio (coupling factor) 
greater than ordinate 
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made by using neutral wire of 110-volt circuit i 


* Where no ground was available, measurements were 
ground connection. 

iine™ 5 iS rat! ° ° f field !ntensity at the antenna t0 the field »*>t“sity 30 feet from the nearest high-voltage 


cause of the relatively high internal imped¬ 
ance the radio-frequency voltage which will 
exist when the apparatus is put in service 
on a transmission line is directly propor¬ 
tioned to the line impedance. For a line 
without reflections the load will be one-half 
the characteristic impedance which varies 
from 370 to 630 ohms, with an average of 
494 ohms as obtained from measurements on 
several lines made at carrier-current and 
broadcast frequencies. The average is 494 
ohms giving a value of 600/247 = 2 42 for 

W- 

(/). The effect of service conditions is not 
known. Electric apparatus is usually oper¬ 
ated near its rating, and no large changes in 
the radio noise level will occur if ratings are 


not exceeded. In some cases the location, 
mounting, and proximity to ungrounded or 
grounded metal may be such as to change 
appreciably the electric field in the apparatus 
and outside of it in such a manner as to 
change the radio noise level. 

The above factors can be expressed in 
the form of an equation: 

ade 


RIV— 


bef 


CD 


where RIV is the radio-influence voltage 
referred to the standard liigh-voltage 
test circuit 

If we use 31.6 (30 decibels) for b, 70 for 


Figure 3. Coupling 
from high - voltage 
line to antenna as a 
function of distance 
from the line 

(A). With distribu¬ 
tion circuits over the 
area 

®. With no dis¬ 
tribution circuits— 
all transmission 
through space 
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PERCENTAGE OF NUMBER TESTED 


Figure 4. Ratio of line-to-line and line-to- 
ground voltages on 110-volt circuit to field 
intensity 30 feet from nearest high-voltage line 


d, 2.42 for e, and 1 for /—all of which are 
reasonable values—and change nomen¬ 
clature for broadcast field intensity from 
a to E, equation 1 may be written 


RIV= 


5.36E 

-microvolts 


c 


( 2 ) 


In this equation the factor c was con¬ 
sidered as one requiring field investigation 
in order that numerical values of RIV 
for satisfactory radio reception could be 
obtained. Field tests were made there¬ 
fore in an area as shown by Figure 1. 
This area has 16,000 people with 4-kv 
distribution, street-light circuits, street- 
railway network, and 25-kv lines located 
as shown. 


Test Procedure 


A slowly keyed signal of one frequency 
(980,000 cycles) was applied by means 
of capacitors to one phase of the 25-kv 
line at the substation. The location of 
this substation and 25-kv lines relative to 
the area inhabited by radio listeners is 
shown in Figure 1. The signal was of 
such a magnitude that it could be re¬ 
ceived, without interference, anywhere in 
the test region and along all transmission 
lines including the 132-kv lines feeding 
the 132-kv to 25-kv substation which is 
several miles from the test area. 


Two standard 2 radio-noise meters and 
a standard signal generator were used as 
the measuring equipment. Test loca¬ 
tions, that is, listeners’ antennas, were 
selected at random along the 25-kv lines 
and at points several thousand feet and 
on both sides of the 25-kv lines. At each 
listener’s antenna, the following 980- 
kilocycle (test signal) measurements or 
records were made: 

1. Field intensity directly under and 30 
feet from 25-kv or distribution lines which¬ 
ever was nearest. (Thirty feet has been 
tentatively considered as a standard dis- 


UJ 



Figure 5. Variation in radio-influence field 
along same section of line at three frequencies 


lance. In most cases it is not necessary to 
leave the roadway to take readings.) 

2. Field intensity at the antenna. 

3. Voltage across listener’s radio receiver 
with antenna connected. 

4. Voltage across 1,000 ohms resistance— 
used in place of radio receiver. (This value 
of load resistance has been used by Depart¬ 
ment of Transport in Canada, as it makes 
possible comparison of antennas on a com¬ 
mon load basis.) 

5. Line-to-line and line-to-ground volt¬ 
ages were measured at the 110-volt 60- 
cycle outlet near listener's radio receiver. 
The network (Figure 6 of reference 2) was 
used for these measurements. 

6. Distances from antennas to 25-kv line, 
to nearest distribution line, and to 110-volt 
line to house. 

7. Several other measurements .were made 
such as field intensity under 132-kv line 
connected to the same system as the 25-kv 
line to which test signal was impressed; 
readings of field intensity, at three fre¬ 
quencies along the same section of 25-kv 
line; field intensity along and at the end of 
a short length of street light circuit. 

Results of Tests 

Antenna Characteristics 

The data given in Table I are for 29 
antennas—all of which are of reasonably 


good dimensions and good construction. 
It was found that 45 per cent used water 
pipe for ground, 28 per cent had no con¬ 
nections to ground, and the rest used 
ground rods which measured in some 
cases several hundred ohms with direct 
current. The average characteristics for 
the antennas tested are as follows: 

Length: 53 feet for L types. 

Height: 22.3 feet. 

Equivalent effective height: 2.83 meters 
(this was determined by measuring the 
voltage across 1,000 ohms resistance con¬ 
nected from antenna to ground and the 
field intensity near the center of the an¬ 
tenna) . 

Distance to nearest high-voltage line: 73 
feet (25 kv and 4 kv). 

Distance to low-voltage line: 20.7 feet 
(110-volt circuits). 

Average coupling ratio: 0.93 (ratio of field 



D“DISTANCE IN FEET FROM 
END OF STREET LIGHT CIRCUIT 

Figure 6. Radio-influence field increase at 
the end of a circuit 

intensity at the antenna to the field intensity 
30 feet from the nearest high-voltage line). 

Coupling Ratio—Antenna to Nearest 
25-Kv and 4-Kv Lines 

The ratio of field intensity at the 
antenna to the field intensity 30 feet from 
the nearest power line is shown on Figure 
2 as a percentage-distribution curve. 
These data indicate that the radio-in¬ 
fluence fields at the antenna are on the 
average almost the same as the radio¬ 
influence field intensities at the nearest 
power circuit. There is no simple cor¬ 
relation between these coupling ratios 
and the distances to either high-voltage 
or low-voltage circuits. 

Effect of Distribution Circuits on 
Transmission From 25-ICv Lines to 
Antenna 

The field intensity was measured 30 
feet from the 25-kv line at several points, 
and the average of these readings was 
compared to field intensities measured at 
the antennas. Curve A of Figure 3 
shows the attenuation across an area 
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having distribution circuits, and so forth. 
The loss is 0.0182 decibels average per 
foot taken from 100 feet to 1,000 feet 
from the 25-kv line. Curve B of Figure 
3 is for an area without any other circuits 
in the vicinity and gives, therefore, the 
attenuation for space transmission in the 
vicinity of a transmission line. The 
attenuation in this case is 0.024 decibels 
average per foot from 100 to 1,000 feet. 
Curve B was extrapolated after 300 feet, 
assuming that the field intensity varies 
inversely as the distance. The effect of 
distribution circuits is to increase the 
field intensity up to about twice that 
obtainable by space transmission alone. 

Radio-Frequency Voltages on the 

110-Volt Home Circuits 

The ratios of the line-to-line and line-to- 
ground voltages to the field intensity 30 
feet from nearest high-voltage circuit are 
given as percentage distribution curves 
in Figure 4. (This ratio has the dimen¬ 
sion of length with the unit being the 
meter.) The line-to-ground component 
is considerably greater than the line-to- 
line component. It was noted that meas¬ 
urements near antennas varied from home 
to home in a manner similar to variation of 
high-frequency voltages on home circuits. 

Coupling Measured Between Circuits 
on Power System 

(*)• f r °m 25-kv line to 132-kv line through 
a station. In this ease the two lines came 


to the station at about 90 degrees from each 
other, and the signal transfer was through 
the station. The field intensity measured 
under the 132-kv line was 18.5 per cent of 
that measured under the 25-kv line. 

(b). From 25-kv line to 4-kv line and to 
telephone line. The four-wire four-kilovolt 
line is five to six feet away from and the 
telephone line 12 feet below the 25-kv line 
conductors. The voltage to ground on the 
four-kilovolt line was 8.2 per cent, and on 
the telephone line it was 2.4 per cent of 
the radio-frequency voltage on the 25-kv 
line. 

Variation of Radio-Frequency Field 

Along the 25-Kv Line 

The curves of Figure 5 show the varia¬ 
tion in the field intensity which was ob¬ 
tained along a 1,000-foot section of 25-kv 
line. There is indication that the dis¬ 
tance between maxima depends on the 
wave length. The difference between 
average and maximum values is about 50 
per cent and is independent of the wave 
length. For the three frequencies the 
input voltage at the substation was the 
same, so that the curves represent 
the relative attenuation of signals over the 
network shown in Figure 1. 

Radio-Frequency Field Measured at 
the End of a Circuit 

It was observed during preliminary 
tests made with a receiver located in a car 
that the signal level increased whenever 
the end of a street-light circuit or of a 


four-kilovolt line was approached. In 
order to obtain data as to the change in 
the field, measurements were made along 
and to the end of one of these street-light 
circuits. The variation obtained in the 
field intensity is shown in Figure 6. 
There is a change from minimum to 
maximum of 5 to 1 and a quarter wave 
length occurs at approximately four- 
fifths the wave length corresponding to 
the velocity of light. 

Conclusions 


1. The radio-co-ordination problem has 
been resolved into the essential factors which 
can be determined independently. These 
factors can be combined to estimate the ef¬ 
fect on radio reception of a given radio¬ 
frequency source, the characteristics of 
which have been measured by means of a 
standard test circuit. 

2. Test data on the coupling factor c have 
been obtained, and it is believed that the 
distribution curve for the factor c, Figure 2, 
is representative for cities which have similar 
high-voltage and distribution lines. 
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Application of Lightning Protective 
Devices in Wartime 
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I. Introduction 

U NDER present wartime conditions 
the need for conserving critical 
materials has been impressed upon the 
electrical industry with emphasis. It is 
for this reason that the lightning arrester 
subcommittee of the protective devices 
committee undertook a review of light¬ 
ning protective devices and practices and 
their application to uncover and present 
any worth-while savings which it seems 
possible, practical, and reasonable to 
obtain. Within the short time since this 
project became active, it has not been 
possible to obtain committee agreement 
on all the various considerations involved. 
Therefore, rather than withhold from the 
industry the value of constructive study 
and suggestions already available, this 
paper is being presented without the 
sponsorship or any commitment by the 
lightning arrester subcommittee. It is 
hoped that its presentation and the dis¬ 
cussions it will initiate will be helpful to 
the committee in continuing its work on 
this project to a conclusion. It is the 
purpose of the paper to give some results 
of a study on this problem up to the time 
the paper was prepared. 

It should be pointed out clearly, how¬ 
ever, that it is not the intent of this paper 
to imply that the suggested methods of 
protection and practices are suitable for 
universal application. Neither is it the 
intention to force the industry to use any 
of the suggested expedients where the 
particular conditions encountered are 
not suitable. 

It is solely the intent of this paper to 
cover from a broad point of view factors 
in lightning-arrester protection which, if 
applied on an engineering basis, should 
result in some' worth-while savings, both 
direct and indirect, in critical materials 
without lowering appreciably past stand¬ 
ards of protection. In most cases, the 
protection should actually be improved. 

II. Method of Approach 

In undertaking this study, it was felt 
at first that the savings possible would be 
of limited extent. However, a further 
consideration indicated that, while an 
actual saving of critical metals was 
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possible by applying lower-rated ar¬ 
resters where feasible, or by revamping 
old arresters, or reducing the length of 
connections and substituting other ma¬ 
terials, there were extensive savings pos¬ 
sible in the equipment to which the pro¬ 
tective device was applied. 

Carrying the analysis somewhat fur¬ 
ther, it was believed that a careful study 
of the protective problems of individual 
application would result in savings of 
both material and man hours for old 
installations already in service as well 
as for new installations being planned. 

At first thought, it might be assumed that 
the use of substitute materials for those 
now considered critical and the suggested 
reduction in airester ratings in certain 
applications might introduce a greater 
hazard to the system as a whole. A more 
careful analysis of the situation, however, 
seemed to indicate that, in most cases, the 
over-all hazard to the system would be 
considerably reduced, although it might 
be expected that occasional failures of 
the protective devices themselves might 
result from the rebuilding of old equip¬ 
ment and the use of smaller arresters 
(line-type instead of station-type) and 
reduction of arrester rating. 

The reports of some companies who had 
already put into use some of the methods 
discussed here indicated that satisfactory 
results were obtained. In many cases 
such changes from old practices had been 
made prior to the necessitv for conserving 
scarce materials. The author, therefore, 
decided at this time to present and dis¬ 
cuss the various proposed methods of 
conserving scarce materials and saving 
in man hours which are outlined below, 
since experience, limited in some cases, 
has been obtained already on some of the 
methods under service conditions. It is 
hoped that this paper will stimulate 
further interest and activity in the appli¬ 
cation of surge protective devices in a way 
that will save valuable critical material 
and man hours for the war effort. 

III. Discussion of Proposed 
Methods of Protection 

The work in recent years in getting a 
clearer picture of insulation strength of 
equipment and the protection afforded by 
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protective devices has been presented and 
discussed quite thoroughly in the past 
and therefore will not be presented here. 
The lightning arrester and similar circuit¬ 
clearing devices have a very definite 
maximum voltage (60-cycle) rating which 
must not be exceeded in service without 
the possibility of failure of the device. 
In the past, many arresters have been 
applied to a system merely by matching 
the arrester rating with the system volt¬ 
age without giving consideration to the 
actual voltage which might appear across 
the arrester in service. This is particu¬ 
larly true of solidly grounded neutral 
systems. 


1. Reduced-Rated Arresters 


The first consideration, therefore, is 
that of applying arresters on the basis of 
the highest system, or GO-cyele, voltage 
expected across their terminals in service. 
If this principle is adhered to, it is possible 
on many grounded neutral systems, at 
least, to use an arrester having a rating 
somewhat below, and in some cases con¬ 
siderably below, the line-to-line rating 
of the system. In the past, the entire 
field was covered by the general rule that 
on a grounded neutral system, the ar¬ 
rester would have a 00-cycle rating of 
approximately 80 per cent of line-to-line 
voltage. While this rule seemed to work 
out satisfactorily in most cases from an 
operating point of view, many cases 
exist today where an arrester of lower 
rating than one selected by this rule can 
be and has been used successfully. On a 
132-kv nominal system, for example, the 
preferred rating for apparatus is 5 per 
cent higher or 138 lev, and the rating for 
arresters is 5 per cent above this value, or 
144 kv. If the system neutral is grounded 
however, the industry recommendation 
for the arrester is 80 per cent of 144 or— 
the nearest standard arrester—121 kv. 
Thus, the use of the so-called grounded 
neutral arrester, instead of the full-rated 
arrester, on a system the neutral of which 
is grounded, results in a saving of ap¬ 
proximately 20 per cent of the arrester 
material and cost, with considerably better 
protection provided. In carrying the 
analysis a step further, a calculation of the 
system overvoltage for each arrester 
application is made by our company, 
which showed in practically all cases that 
the overvoltage to ground does not ex¬ 
ceed 109 kv. This results in a further 
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decrease of 10 per cent in the materials 
and cost of the arrester. Three large 
companies have reported that they have 
been adopting this general practice of 
using the so-called reduced-rated ar¬ 
resters for grounded neutral systems for 
a considerable period of time with com¬ 
pletely satisfactory results. The practice 
can be applied to both new installations 
and revampjed old installations with 
direct savings of material in both cases. 

This application of so-called “reduced- 


damage, as well as the man hours in¬ 
volved in replacement in the field. 

It is not intended to imply that ex¬ 
tensive and elaborate protective schemes 
be added to many pieces of equipment or 
in many situations where it is felt that 
past experience has given satisfactory per¬ 
formance, but a careful analysis of many 
situations in most companies will reveal 
cases where it is believed a thorough study 
and application of protective devices will 
yield considerable over-all benefits. 


lowering the protecting level, and also 
may make available some of the material 
removed for other arrester locations or 
spare parts. The rebuilding’ of even 
obsolete arresters may be warranted in 
some cases, if new arresters are not avail¬ 
able. The added protection of rebuilding 
obsolete arresters may be justified in 
some cases, although the protective level 
may be higher than would be desired 
ordinarily. 


rating” arresters on solidly grounded 
neutral systems on the basis of the cal¬ 
culated 60-cycle system voltage under 
fault conditions instead of on the cus¬ 
tomary SO per cent rule has resulted in 
savings other than in the arrester alone. 
It has been found possible in some cases 
to use equipment in the next lower volt¬ 
age class, thereby using less critical 
material in the equipment itself. 

2. Line-Type in Place of Station- 
Type Arresters 

A second consideration relates to the 
use of line-type arresters in the place of 
station-type in certain locations and 
under some conditions. Several savings 
are possible here: 


Cables, for example, subject to light¬ 
ning require a large amount of critical 
material which well might be saved by 
suitable protection. Likewise, the pro¬ 
tection of rotating equipment such as 
generators and large motors, subject to 
transient overvoltages, well may be given 
careful study, since the failure of such a 
piece of equipment may result in con¬ 
sequences more important than even the 
saving of critical materials. For example, 
the loss of generating capacity over a 
period of time or interruption to service 
to important war industry loads, al¬ 
though not “critical materials/' is ’in a 
sense as important, if not more so. 

4. Rebuilding and Revamping Old 


5. Protective Devices Other Than 
Arresters 

While the lightning arrester has been 
mentioned here quite extensively, it is 
recognized that there are other protective 
devices such as the protector tube, open- 
air gap, and control gap which also take 
their place in the matter of conserving 
materials. The decision as to which de¬ 
vice to select is one of individual appli¬ 
cation and protection desired. It is 
believed that the characteristics of all of 
these devices are available or can be ob¬ 
tained with sufficient accuracy for pur¬ 
poses of application. All of these devices 
have been reported as having been used 
with satisfactory results. Whether to 


1. In the amount of material required for 
the smaller line-type arresters. 

2, In the possibility of less structural work 
for supporting the arrester. 

It should be appreciated, of course, 
that the line-type arrester has a higher 
voltage level of protection than a station- 
type, and for this reason this application 
may not he desirable in some cases. On 
the other hand, where new equipment is 
involved, it is often possible to use the 
line-type arrester instead of the station- 
type and still obtain adequate protection. 
Four large users of arresters have reported 
the successful application of line-type 
arresters in place of station-type under 
some conditions. 

3. Protecting Equipment Not Al¬ 
ready Protected 

It might seem at first that the recom¬ 
mendation to add an arrester or similar 
protective device to equipment not now 
so protected is a “spending” of critical 
materials rather than a “saving.” The 

road P° lnt of view, however, is that the 
protection of equipment, subject to 
/ C / Ue / t haZai ; ds of overvoltage, may 
that equipment from failure. It 
uis obviates the necessity of using criti- 
a materials for replacement of the 
damaged apparatus and further saves 
the mat, hours involved in building new 
placement equipment or repairing the 
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A fourth factor to be considered is the 
savings of materials made possible by 
rebuilding or revamping old-type ar¬ 
resters. Several companies have re¬ 
ported that they have been doing work 
along these lines for some time. In the 
case of oxide film arresters which were 
extensively used in the past, it is general 
practice in a number of companies to 
reduce the number of cells in existing 
arresters, which, in effect, means reducing 
the arrester rating to match more nearly 
overvoltage conditions of the circuit 
where they are used. The principle in¬ 
volved has been discussed in the pre¬ 
ceding paragraphs. Likewise, the chang¬ 
ing of four-leg oxide film arresters to the 
three-leg type has been an accepted 
practice in our own company for some 
time, with complete success from the 
viewpoint of added protection and ab¬ 
sence of arrester failure. Of course, in 
such cases the 60-cycle maximum rating 
of the remaining three legs must be 
checked against the system overvoltage 
under fault conditions. In some cases 
where the three-leg 60 cycle rating was too 
low, part of the fourth leg was left in 
service to supply the deficiency. 

Successful rebuilding of mica-spaced 
and open-gap auto valve arresters has 
also been reported. The rebuilding of old 
arresters supplies added protection to ' 
equipment, where they are installed by 
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use one device in preference to the other 
in an attempt to save critical materials 
will probably depend in most cases on 
the immediate protective problem at 
hand and the availability of the device. 

6. Connecting Leads Between 

Arrester and Equipment 

A sixth consideration is the conducting 
material, usually copper, which can be 
saved by eliminating the ground leads 
from the ground end of arresters to ground. 
Where arresters such as station type or 
arresters mounted on the well-grounded 
structural steel of stations or steel poles 
are involved, the elimination in new de¬ 
signs or the removal in old designs of di¬ 
rect ground-wire leads can be accom¬ 
plished without impairing the protective 
value of the arrester. The removal of 
such existing ground leads may not be 
highly practical, but in new installations 
it most certainly seems justified as a 
wartime expedient. 

7 ’ C*mcA L Materials in Arrester 
Manufacture 

Inherently, an arrester or other pro¬ 
tective device of this type has a relatively 
■small amount of critical material, that is 
copper, iron, and aluminum. In one case 
at east, aluminum supporting castings 
ave een replaced by galvanized iron 
It has been suggested that the internal 
mechanism of the sealed gap element in 
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arresters could be made in whole or in 
part of iron in the place of brass, but since 
both materials are so-called “critical,” 
the change in arrester design would be 
predicated probably on which may become 
most critical and in the arc-interrupting 
characteristics of a design using iron. 
In the design of devices, therefore, it does 
not appear that there is room for any 
appreciable saving in critical metals, and 
probably the manufacturers have gone 
about as far as they reasonably can under 
present conditions. 

8. Proximity of Arrester to 

Equipment 

An eighth consideration relates to the 
location of the arrester or protective de¬ 
vice close to the equipment to be pro¬ 
tected. This is now recognized as 
fundamental in applying overvoltage 
protective devices. By locating arresters 
this way and even relocating those now 
in service in the field, it is possible in some 
cases to save copper conductor at the 
ground and line leads and, at the same 
time, improve protection to the equip¬ 
ment. It is well known that under some 
conditions long leads in the arrester cir¬ 
cuit permit the protective level at the 
equipment to rise appreciably above the 
level at the arrester terminals. 

Cases where this proposal can be ap¬ 
plied are at cable terminals where the 
arrester should be located directly across 
the pothead terminal rather than have a 
separate ground lead extending to ground, 
provided, of course, that the cable sheath 
is well grounded at the arrester location. 
Another case involves the location of 
distribution arresters one pole distant 
from isolated transformers or transformer 
banks. Such methods of attempted pro¬ 
tection are considered of limited value in 
exposed locations where a long arrester 
ground lead is used and there is in addi¬ 
tion a long line lead between the arrester 
and the transformer. In recent years the 
practice has been followed by several 
companies of locating arresters directly 
on equipment such as transformers, the 
transformer tank being provided with a 
supporting bracket on the tank. Ar¬ 
resters likewise have in some cases been 
mounted on the transformer covers. This 
suggestion can be applied both to new 
arrester installations and to many existing 
ones. 


9. Shielding Stations 

Another consideration applies to pro¬ 
tection at stations where considerable 
electrical equipment is located and the 
equipment is built up of a large amount 
of critical material and will require re¬ 
placement or repair in kind, as well as 
requiring a large amount of man hours 
and possible loss of factory output, if it 
should fail in service. The adequate pro¬ 
tection of such stations seems almost a 
necessity. One way of greatly adding to 
the protection is by shielding the station 
as a whole, in addition to applying ar¬ 
rester protection. While shielding re¬ 
quires some critical materials such as 
steel, copper, or combinations thereof, 
it is suggested that careful consideration 
be given to such shielding in the light of 
relative importance of the equipment 
contained in the station. It is not rec¬ 
ommended that all stations be shielded, 
but there are undoubtedly some which can 
initially use critical materials such as 
shielding wires with considerable, overall 
saving from a long range point of view. 

10. Tests and Maintenance of 

Arresters 

The last subject considered here centers 
around the idea of keeping in the best 
possible operating condition equipment 
which we now have. This means, with 
the lightning arrester, a high degree of 
careful and planned maintenance. So 
far as the arrester is concerned, it is sug¬ 
gested that special consideration be given 
to testing arresters wherever possible and 
feasible, to insure that they are in the best 
of condition to perform their expected 
functions. Several years ago recom¬ 
mendations were made by the AIEE 
lightning arrester subcommittee on meth¬ 
ods of testing some types of arresters. 
Since that time, a large number of ar¬ 
resters have been tested, and other 
methods of test or refinements have been 
used. It cannot be urged too strongly 
that a special attempt should be made to 
keep the arresters in the best possible 
condition. 

IV. Summary of Bene fits and Savings 

That there are possible savings in 
critical material and man hours in the 
more careful study and application of 
protective devices already installed on the 


existing equipment and new applications 
seems evident from the preceding dis¬ 
cussion, 

A. The application of arresters on the 
basis of their rating, co-ordinated with the 
overvoltage of the system, will reduce to a 
slight degree the number of arrester units 
required on new work and make available 
some arrester units now in service for spares 
or new installations. 

B. By closer application of arresters on the 
basis of their voltage rating, better protec¬ 
tion will be provided to the protected equip¬ 
ment, and this should result in fewer equip¬ 
ment failures and, consequently, less need 
for critical materials and a saving in man 
hours used for renewal. 

C. The use of lower-rated arresters also 
will result in lower insulation requirements 
of equipment such as transformers, for ex¬ 
ample, with consequent saving in steel in 
the containing tanks and core and some 
copper in bushing studs and winding. 

D. The use of line-type arresters instead 
of station-type, where expedient, results in 
a direct savings of materials in the arresters 
themselves, as well as in possible savings in 
steel-mounting members and structures. 

E. Applying protection on equipment not 
already protected can result in indirect sav¬ 
ings in replacement of equipment which 
otherwise might become faulty if not pro¬ 
tected. 

F. Rebuilding of old arresters provides 
greater protection to existing equipment 
and eliminates the requirement of critical 
material for new modern arresters. 

G. The omission and removal of ground 
leads from arresters already connected to 
well-grounded metal structures provide 
critical material for scrap or other uses. 

H. A well-planned shielding system for 
exposed stations, although initially requiring 
critical material, may be more than com¬ 
pensated for by the prevention of equipment 
failure in such stations. 

I. Testing of existing equipment to keep 
it in first-class operating condition likewise 
may reduce to a large extent the require¬ 
ments for new equipment for replacement 
of protective devices and equipment which 
may become faulty in service. 

It should be kept in mind that, in 
applying some of these suggestions, the 
failure rate oil the protective devices 
themselves may increase, but it is believed 
that, if the conditions of each situation 
are considered carefully, and action taken 
on an engineering basis, the net over-all 
effect will be of considerable benefit to the 
war effort. 
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The Auto-Blast Interrupter Switch 


E. A. WILLIAMS, JR. W. G. HARLOW 

MEMBER AIEE ASSOCIATE AIEE 


Synopsis: An air interrupter switch may be 
defined as a nonautomatic air switch which 
combines the functions of a disconnecting 
switch with the ability to interrupt current 
up to a predetermined magnitude. It pri¬ 
marily differs in function from a circuit 
breaker in that it cannot interrupt overload 
or short-circuit currents. General specifi¬ 
cations for interrupter switches are proposed. 

The Auto-Blast interrupter switch is an 
air interrupter switch having each pole 
equipped with an arc chute into which the 
arc is driven by a blast of air generated 
automatically when the switch is opened. 
Interruption occurs within the chute by 
elongating and cooling the arc. The con¬ 
struction and operation of this switch is 
described, and test data are presented to 
show compliance with the proposed general 
specifications. 


circuit breaker. Economical switching 
provisions are necessary to provide means 
for disconnecting an individual trans¬ 
former from a primary feeder without de¬ 
energizing the feeder. 

Since an interrupter switch cannot 
open short-circuit current and a short cir¬ 
cuit may occur at any time, there is al¬ 
ways a certain degree of hazard associated 
with the operation of such switches. The 
probability of the occurrence of a short 
circuit in the transformer at the instant a 
switch is opened is remote, but the failure 
of a switch to interrupt the arc, for any 


reason, will probably result in a short 
circuit within the metal enclosure. Much 
can be done to minimize this possibility 
by giving due consideration to adequate 
design and tests. Good engineering judg¬ 
ment dictates the following general speci¬ 
fications for interrupter switches: 

1. Long operating life with a minimum of 
maintenance. 

2. Ability to interrupt current, within its 
interrupting rating, without arc or flame out¬ 
side of the interrupting element. 

3. A sufficient number of tests to demon¬ 
strate adequate safety factors in voltage, 
current, and operating life. 

4. Speed of opening independent of opera¬ 
tor. 

5. Positive operation to prevent failure 
caused by partial closing and reopening. 

6. An insulation level consistent with that 
of other apparatus in the circuit. 


Table A. Three-Phase Reactance Load Interrupting Tests 

Circuit Diagram Figure 6a 


W HILE power circuit breakers are 
preferred for switching unit-substa¬ 
tion and secondary-network transform¬ 
ers, it has been shown 1 that there is a defi¬ 
nite economic field for metal-enclosed 
interrupter switches for these applica¬ 
tions. The requirement for these switches 
exists because of the development of dis¬ 
tribution systems having transformer 
capacity divided into a number of small 
banks and protected by a common-feeder 
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Figure 1. The Auto-Blast interrupter switch. 
15 kv, 600 amperes continuous 

Impulse insulation level 110 kv. Metal en¬ 
closure and operating handle removed 
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Tabic B. Single-Phase Reactance Load Interrupting Tests 

Reactance Load—Circuit Diagram Figure 6b 
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figure 2. Cutaway views of 
Auto-Blast interrupter switch 
showing operation 

(a left). Main and auxiliary 
blades closed and piston at end 
of exhaust stroke 

(b right). Opening opera¬ 
tion. Main blade partially 
open, auxiliary blade closed 
and piston at end of intake 
stroke 


MUFFLER'4 




interleaved 

ARC CHUTE 


FRONT ARC 
. .RUNNER * 


.auxiliary ' ; 
BLADE 

MAIN contact 
,, FINGERS 


LATCH ROLLER' 


FRONT LATCHING 

3 - :< , notch - • ■ 


;AiR CYUNDER—^ 
’UMauC.jBKjAiwL 


REAR LATCHING. 
NOTCH C'l 


LATCH TOGGLE 


(d). Opening operation. Main and 
blade partially open, latch reset and 
end of exhaust stroke 


auxiliary 
piston at 


(c). Opening operation. Main 
tially open, auxiliary blade closed, 


tripped and piston starting exhaust stroke 


The Auto-Blast interrupter switch de¬ 
scribed in this paper is a new device which 
is intended primarily for application in a 
metal enclosure on the high-voltage side 
of unit substations and secondary-net- 
work transformers. 

Construction and Operation 

The Auto-Blast interrupter switch, Fig¬ 
ure 1, is essentially a triple-pole group- 
operated device with three moving ele¬ 
ments carried on a common rotatable 
operating shaft. The switch is arranged 
for mounting in a metal enclosure and for 


operating by means of a handle (not 
shown), keyed to either end of the rotat¬ 
able shaft and located outside of the en¬ 
closure. In an opening operation the 
main switch blade opens first and, after a 
predetermined movement, trips a latch 
which releases the spring-actuated aux¬ 
iliary blade. The auxiliary blade then 
snaps open, and the resultant arc is forced 
into the chute by a blast of air from a 
cylinder on the auxiliary blade. Figure 2 
shows the construction of the switch and 
the relationship of the parts during suc¬ 
cessive steps of operation. 

Each moving element of the switch 
has a pair of spaced main blades rigidly 


fastened to the operating-shaft insulators. 
An auxiliary blade and latch assembly is 
carried between and pivoted on the main 
blades at a point near the operating shaft. 
An air cylinder and nozzle form an inte¬ 
gral part of the auxiliary blade, and a 
coacting air piston is attached to the main 
blades. A torsion spring normally main¬ 
tains a parallel relationship between the 
main and auxiliary blades in which posi¬ 
tion the piston is at the exhaust end of its 
stroke. 

Each stationary element of the switch 
consists of a contact and an arc chute as¬ 
sembly mounted on a fixed insulator. 
The contact assembly is made up of two 
spaced main contacts outside of the chute 
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TAPERED FINS 



FRONT ARC -AL 

runner 

-REAR ARC RUNNER 


SECTION Vx'" 

Figure 3. Interleaved arc chute 

Side view with A side removed 

and two arc runners centrally located in¬ 
side the chute. The arc-chute assembly 
includes an interrupting element, with or 
without a muffler, and means for latching 
the auxiliary blade in the closed-circuit 
position during the first part of the open¬ 
ing stroke of the main blade. 

In the closed position, Figure 2a, the 
main and auxiliary blades are in parallel, 
and the air piston is at the exhaust end 
of its exhaust stroke. When the operating 
handle is moved from the closed position, 
the main blade starts the opening travel, 



8 12 16 20 24 
60 CYCLE APPLIED VOLTAGE -KV 

Figure 5. Radio-influence voltage tests on the 
Auto-Blast interrupter switch 

Impulse Level 
(Kilovolts) 



the auxiliary-blade latch engages the rear 
notch in the side plates of the chute as¬ 
sembly and holds the auxiliary blade in 
contact. As the main blade continues to 
move away from the fixed contact, the 
piston starts its intake stroke, and the 
auxiliary blade and air cylinder remain 
stationary until the switch reaches the 
position shown in Figure 2b. At this 
point the piston strikes and trips the 
toggle of the latch, Figure 2c, and the tor¬ 
sion spring snaps the auxiliary blade back 
toward the main blade and drives the 
cylinder over the piston forcing a blast of 
> air from the nozzle into the arc chute. As 
the cylinder approaches the end of the ex¬ 
haust stroke, the latch resets, the piston 
diaphragm covers the nozzle opening and 
traps air in the end of the cylinder, 

Figure 6. Test circuit diagrams 


STATION INTERRUPTER 
REACTORS SWITCH 




LOAD 

TRANSFORMER 

L_ 


STATION 

ALTERNATOR 


thereby cushioning the shock, Figure 2d. 
Both blades then move together to the 
full 90-degree open position. 

In a normal closing operation, as the 
operating handle is moved from the open 
position toward the closed position, both 
blades and the toggle latch assembly move 
together until the latch is depressed, Fig¬ 
ure 2e, by the cam surfaces formed on 
the arc-chute side plates. The latch 
roller then successively engages the front 
end and the rear latching notches as the 
switch is moved to the closed position, 
Figure 2a. The location of the front 
latching notch is such that it is engaged by 
the latch roller before an arc can be es¬ 
tablished during a closing stroke. This 
feature prevents the possibility of failure 
caused by partial closing and reopening. 

The interleaved arc chute, Figure 3, 
is similar to the chute of the Magne- 
Blast air circuit breaker. 2 It is formed by 
tapered fins alternating from either arc 
chute wall. The material of the chute is 
treated especially to be arc resistant and 
essentially nongas producing and non¬ 
expendable. The entire arc-chute as¬ 
sembly is easily removable for inspection 
of contacts, without disturbing the ad¬ 
justment of either the chute or the switch 
parts. 

The arc is drawn in a narrow slot be¬ 
tween the auxiliary-blade tip and the rear 
arc runner. As it is forced up the run¬ 
ners and into the chute, it progressively 
lengthens and encounters an increasing 
cooling effect as its path becomes longer. 
The maximum current that can be inter¬ 
rupted with no disturbance external to the 
interrupting element is a function of the 
size of the arc chute and of the pressure 
and volume of the air blast. When 
interrupting relatively low currents, such 
as transformer exciting current, the arc 
and incandescent gases are entirely con¬ 
fined within the short simple chute of 
Figure 3. With increased current, as 
indicated in the accompanying tables, the 
air blast tends to drive the incandescent 
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I = i 
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SWITCH 


Figure 4. Dimensions of metal-enclosed 
interrupter switch mounted on transformer 

Impulse A B C 

Dcpth Height 
(Kilovolts) (Inches) (Inches') 
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Three-phase reactance load tests 

STATION LINE INTERRUPTER 

REACTORS CAPACITOR SWITCH 
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Single-phase reactance load tests 
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(c). Single-phase capacitance load tests (d). Single-phase short-circuit tests 
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(a). Test 47 
A —Timing wave 

B —Voltage across switch—line 1 
C—Current through switch—line 1 
D —Voltage across switch—line 2 
E—Current through switch—line 2 
f— Voltage across switch—line 3 
G—Current through switch—line 3 



cid) 


(d). Test 296 
A —Voltage across switch 
B —Current through switch 
C—Timing wave 

arc gases through the short chute before 
adequate cooling can take place. The 
interruption of relatively high currents 
can be successfully accomplished in the 
same arc chute by the addition of a suit¬ 
able muffler to cool further the arc gases. 

The combination of a small basic arc 
chute for low current and an easily at¬ 
tachable muffler for higher current pro- 


i ft i i 



(b). Test 189 
A to G same as (a) 




(e). Test 299 

" A —Current through switch 
B —Voltage across switch 

Figure 7. Typical oscillograms 

Refer to Tables A, B, and C for data 

vides the most economical arrangement 
for handling the complete range of cur¬ 
rent under consideration. It further 
provides a convenient means of increas¬ 
ing the interrupting ability of existing de¬ 
vices originally intended for the interrup¬ 
tion of transformer exciting current only. 

Since space is always at a premium, 
it is important that the dimensions of the 
switch and its enclosure be maintained 
at the minimum commensurate with 
adequate insulation levels. The required 
impulse-withstand test voltage is the 
major factor in determining the over-all 


mr.l :| , • V 


K v * » i 


(7c) 


(c). Test 254 
A to G same as (a) 
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( 0 - Test 322 

A—Current throuah switch 

B —Voltase across switch and capacitor 

dimensions of the Auto-Blast iat „ru|»lor- 
switch enclosure shown in l*igitrc ■!. I)i* 
mensions of such magnitude must, of 
necessity, accompany the decree of iusn 
lation obtained. 

Tests 

The Auto-Blast interrupter switch, 
mounted m a metal enclosure, has been 
tested thoroughly to check its conform 
ance wtth the design specifications. 
Radio-influence tests in both the op,-,. 

the me° t S a f T ^ "H** with 

the metal enclosure grounded, Kim,to 5 

show that the radio-i„fi lu . nrc . 1( . vvl ;;„ f 
interrupter switch for all classes of insula 
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(d). After test 248 

Figure 8. Arc chutes after three-phase inter- 
rupting tests 


tiun meet the limits established in the 
National Electrical Manufacturers Asso¬ 
ciation Standards. 3 



(e). * After test 255 


Figure 9 (below). Test 326 

Attempting to open short circuit of 30,000 
amperes initial, 16,400 amperes final at 14.5 kv. 
Arc duration 23 cycles 


Dielectric tests , both 00-cycle and im¬ 
pulse, made on the switch in the open and 
in the closed positions with the metal en¬ 
closure grounded, determined the insula¬ 
tion required and the sizes of the metal 
enclosures, Figure 4. These tests were 
made in accordance with the AIEE 
vStandard 4 for air switches. 

Interrupting tests were conducted over a 
two-year period to investigate a number 
of basic methods of interrupting trans¬ 
former exciting current and load current. 
More than 5,000 tests showed the Auto- 
Blast design to be by far the most out¬ 
standing. A few of the results arc shown 
in Tables A, B, and C with typical mag¬ 
netic oscillograms in Figure 7. 

Various circuits were used to cover the 
complete range of current and voltage. 
To simulate in test the most severe 
service conditions, a value of 20 per cent 
power factor was established as the maxi¬ 
mum at which interrupting tests should 
be made. However, all of the reactance- 





Cb). Switch starts to open (c). After one cycle of arc (d). After four cycle 


(e)« After nine cyles of arc 
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^ter 17 cycles of arc 


(g). After 19 cycles of arc 
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Tabic C. Single-Phase Capacitance Load Interrupting Tests 

Single-Phase Capacitance Load Tests—Circuit Diagram Figure 6c 



Figure 10. Switch parts after test 326 


load interrupting tests were made with 
the current limited almost entirely by re¬ 
actance, and the power factor in all cases 
approached zero. 

The entire series of three-phase react¬ 
ance-load interrupting tests in Table A 
was made on one set of arc chutes and 
without maintenance of any kind on the 
switch or chutes. After each group of 
tests, the switch was examined, the arc 
chutes removed, dismantled, and photo¬ 
graphed. The only evidence of change 
during the entire series of tests was a 
slight pitting of the arc runners and a dis¬ 
coloration of the arc chutes by a noncon¬ 
ducting oxide deposit, Figure 8. After 
tests the chutes were in excellent condi¬ 
tion and were obviously suitable for at 
least 1,000 successful operations. 

The single-phase reactance-load inter¬ 
rupting tests, Table B, demonstrate that 
the 15-kv switch, without a muffler, 
performs successfully at voltages up to 22 
kv across a single pole to ground. The 
single-phase capacitance-load interrupt¬ 
ing tests in Table C, made with and with¬ 
out capacitance on the line side of the 
switch, 6 indicate the possibility of switch¬ 
ing capacitor banks with the Auto-Blast 
interrupter switch. 

Short-circuit tests at 14.5 kv, Table D, 
were made with the switch in the circuit 
near the generator terminals. The switch 
with manual mechanism was closed with 
a fast positive operation against a fault 


Tests 


Line-to-Lxne 

Recovery **Test Current 
Voltage (RMS 

(Kilovolts) Amperes) 


Line-to-Ground 

Capacitance 

(Microfarads) 


Ci Ca 


Muffler Remarks 


300 to 307. . . 
308 to 311. . . 
312 to 314. . . 

315 

316 to 320. . . 
321 to 324. . . 


....15.0. 

. 26-33 . 

4.4. 

.None-\ 


.... 15.0. 

.29 . 

4.4. 

.4 5 } 

. . .Off 

-15.0. 

. 57 . 

8 .8. 

.None ( 

-15.0. . 

. 57 . 

. 8.8. 



-15.0.. 

. 57 . 

. 8.8. 


. . . On 

-15.0.. 

.115-120. 

,17.6. 



.No disturbance—cleared 


Two va,ues indi<:ate minimum and maximum currents interrupted for each series of tests. 


current of 31,000 amperes. The switch 
parts were damaged, but all resulting 
disturbance was confined within the metal 
enclosure. An openitig test under ap¬ 
proximately the same short-circuit cur¬ 
rent conditions produced a very severe 
disturbance as shown by high-speed mo¬ 
tion pictures, selected frames of which 
are reproduced as Figure 9. Flame, hot 
metal, and gas were blown through the 
ventilating louvres and through the joint 
between the cover and the housing. The 
switch parts were badly damaged as 
shown in Figure 10, and most parts would 
have required replacement before the 
switch could have been put back in serv¬ 
ice. 

Conclusions 


Tabic D. Single-Phase Short-Circuit Tests— 
Circuit Diagram Figure 6d 


0) 0) 
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1 


325. .14.5. .31,000 ., 


(30,000 

32S -- 14 ' 5 jiwS?£°p“- 

( final 


Close. . . .No disturbance out¬ 
side of housing 
except slight 
trace of smoke 
from louvres 


. Loud report with 
much smoke, 
flame, and hot 
metal from hous¬ 
ing. Several bolts 
from lower edge 
of cover blown 
off 


1. Interrupter switches in general should 
be liberally designed and rigorously tested, 
since any failure in normal operation prob¬ 
ably will result in a short circuit. 

2. The Auto-Blast interrupter switch fully 
meets all modern requirements for high insu¬ 
lation level, low radio-influence voltage, 
and adequate safety factor in interrupting 
ability for the service intended. 

3. The interrupting element of the switch 
is arc resisting, essentially nongas producing 
and nonexpendable, thereby providing long 
operating life with minimum maintenance. 

4. The performance of the switch is con¬ 
sistently uniform with an arcing time in the 
order of one to two half-cycles at all currents 
within its interrupting rating. 

5. It has been demonstrated that the 
switch, when closed with a fast positive 
operation, has mechanical and thermal 
strength to withstand closing against short- 
circuit current not exceeding the short-time 


current rating of the switch with disturbance 
and damage confined within the metal 
enclosure. 
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Harmonics and Load Balance of 
Multiph ase Rectifiers 

Considerations in the Selection of the Number of 
Rectifier Phases 

R. D. EVANS 

FELLOW AIEE 


Synopsis: This paper analyzes the operat¬ 
ing characteristics of multiphase power recti¬ 
fiers from the standpoint of harmonics, load 
balance, and their interrelation, and their 
effects on the apparatus and circuits to 
which they may be connected. These fac¬ 
tors are considered in connection with selec¬ 
tion of the number of rectifier phases, which 
varies from six (four for very small sizes) to 
combinations of six-phase units to form a 
much larger number, such as 36, 72, or even 
108 phases. More specifically, the problems 
of harmonics, load balance, and number of 
phases are considered from the standpoint 
of the effects on 

1 * apparatus, particularly turbine generators and 
capacitors. 

2. The wave-shape distortion on circuits that may 
be important in inductive co-ordination. 

3. The possibility of resonance being encountered 
in the supply system to amplify one or more of the 
rectifier harmonics. 

These problems have increased greatly be- ■ 
cause of the great number and large size of 
rectifier installations made in connection 
with the war. 

Determination of Harmonics in the 
A-C Supply Circuits 

I T is a well-known property of rectifiers 
and inverters that they produce dis¬ 
tortion of both voltage and current waves 
which appear on both the d-c load circuits 
and a-c supply circuits, even though the 
latter contains no generated harmonics. 
The important harmonics of rectifier in¬ 
stallations for all except traction appli¬ 
cation are restricted normally to those in 
the a-c supply and are the only ones here 
considered. 

The harmonics in the supply system 
resulting from the operation of balanced 
rectifiers or inverters include the series 

Paper 43-26, recommended by the AIEE commit¬ 
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transmission distribution, and electronics for pres¬ 
entation at the AIEE national technical meeting, 
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ipn+l) and (pn— 1), where p is the 
number of rectifier phases and n is a series 
of integers. For power applications the 
number of rectifier phases is usually lim¬ 
ited to six or multiples thereof. Thus, the 
harmonics of a six-phase rectifier are the 
5th, 7th, 11th, 13th, 17th, 19th, and .so 
forth; the harmonics of a 36-phase 
rectifier are the 35th, 37th, 71st, 73d, and 
so forth. Actually, rectifier circuits are 
not perfectly symmetrical or balanced so 
that some harmonics, not characteristic 
of the total number of rectifier phases, 
may be present in reduced magnitude. 
Thus, if a rectifier of 36 phases is oper¬ 
ating with one six-phase unit out of serv¬ 
ice, the 5th, 7th, 11th, 13th, 17th, 19th, 
and so forth, harmonics will appear in the 
supply as well as the 35th, 37th, and so 
forth, harmonics which are character¬ 
istic of a balanced 36-phase installation. 

Methods are available for the calcu¬ 
lation of harmonics in the supply circuit 
to a rectifier. 1 " 3 The theoretical meth¬ 
ods 2,3 are based on Fourier analyses, 
assuming that the inductance of the d-c 
load circuit is very high and that the 
impedance of the supply circuit has a 
linear frequency-reactance characteristic. 
One method 3 takes into account the load¬ 
ing of the rectifier, the reactance of the 
supply, and the amount of voltage reduc¬ 
tion by phase control. This method 
gives excellent results when the assump¬ 
tions upon which it is based are ap¬ 
proached. Extensions of this method are 
also described 3 for application to cases 
where the supply circuit does not have a 
linear frequency-reactance characteristic. 
These extensions are based on finding an 
equivalent 60-cycle supply reactance 
corresponding to the actual harmonic 
reactance of the supply. 

Heating of Generators 

Generators supplying rectifiers are 
subjected to increased heating because of 
harmonics, particularly local heating in 
rotors. The. heating problem is more 

Evans Harmonics and Load Balance 


important for turbine generators than 
for salient-pole machines, being particu¬ 
larly less for machines provided with 
damper windings. The importance of 
this problem arises principally in con¬ 
nection with generators that are loaded 
fully with six-phase rectifiers and is of 
. much less importance with 12-phase 
rectifiers. Conversely, the problem is of 
negligible importance for rectifiers of 
more than 12 phases and for conditions 
where the rectifiers are a small part of the 
total load. A favorable circumstance in 
the generator heating problem arises from 
the fact that usually the rectifier load is 
of higher power factor, 90 to 95 per cent, 
than generator rating, 80 per cent power 
factor. This condition reduces excitation 
loss and thus provides a margin for in¬ 
creased loss from harmonic currents. 

Heating of Capacitors 

Commercial capacitors are designed to 
carry in addition to the rated kilovolt¬ 
amperes at fundamental frequency, 35 
per cent additional kilovolt-amperes to 
provide for overvoltage at fundamental 
frequency or for harmonics. The total 
kilovolt-amperes of 135 per cent of rating 
may be made up of fundamental and har¬ 
monic kilovolt-amperes added arith¬ 
metically. Thus, a capacitor will with¬ 
stand 105 per cent voltage of funda¬ 
mental frequency and 112 per cent cur¬ 
rent of fifth-harmonic frequency. The 
designs further assume that the average 
fundamental-frequency voltage will not 
exceed 105 per cent normal and that the 
short-time magnitude will not exceed 110 
per cent. If capacitors are applied cor- 
' rectly with respect to fundamental- 
frequency voltages, the heating limita¬ 
tions will rarely be encountered unless 
the supply is subjected to very abnormal 
harmonic conditions which arise princi¬ 
pally as a result of resonant conditions. 

Wave Shape 

Harmonics in supply circuits which 
parallel communication circuits may give 
rise to important noise-frequency co¬ 
ordination problems. These problems 
have been studied extensively by the 
Joint Co-ordination Committees of the 
Edison Electric Institute and the Bell 
Telephone System. One result of this 
work has been to set up two factors 
which take into account the over-all in¬ 
fluence characteristic of a power-supply 
circuit from the standpoint of its tendency 
to produce noise in an adjacent tele¬ 
phone circuit. Because of the different 
effects of electric (electrostatic) and 
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magnetic induction, separate factors are 
required, one for current and the other for 
voltage. These factors as applied to 
balanced circuits supplying rectifiers are 
the balanced /■ T and KV-T factors; 
where I represents the rms balanced cur¬ 
rent and KV t the rms voltage in kilo¬ 
volts between line terminals of the three- 
phase circuit, and T t condensed from 
TIF (telephone influence factor), is a 
factor which gives the relative weighting 
of the various harmonic frequencies of a 
power system from the standpoint of their 
tendency to produce noise in an adjacent 
telephone circuit. Two different fre- 



Figure 1. Effect of number of rectifier phases 
n relative current TIF 


Based on 60-cycle supply and 1935 frequency¬ 
weighting curve 

Actual current TIF— (relative current TIF)K' 
where 



/ = D-c load current per secondary phase 
group 

4c = Alternating current on primary side of 
transformer, rms value 

R = Transformer ratio, primary to secondary 
line-to-neutra! voltages 

Insert: Replot of principal curves to smaller scale 

quency-weighting curves are commonly 
used in rectifier studies, namely, the 
1935 4 and the 1941 5 frequency-weighting 
curves.* The difference in weighting 
results from different characteristics of 
the telephone circuit including terminal 

* In addition, there is the 1919 frequency-weight- 
ng curve that remains in use for machine wave¬ 
shape guarantees. The 1919 curve is associated 
with the term “telephone interference factor;” the 
1935 and the 1941 curves are associated with the 
term “telenhone influence factor;” both terms 
have the same abbreviation of TIF. 


equipment. The principal change in the 
1941 weighting from the 1935 weighting 
results from the substantial elimination 
in the later telephone receivers of a 
resonant point in the vicinity of 1100 
cycles. At the present time both types 
of telephone receivers are in service and 
both types of frequency-weighting factors 
are used in co-ordination studies. While 
the 1941 frequency-weighting curve is 
expected to supersede the 1935 curve, 
time is required for the transition, and 
this has been delayed further because of 
the war. The shape of the 1941 frequency¬ 
weighting curve has been established, but 
its arbitrary scale has been delayed in 
order to determine for it a numerical 
value of the same importance as the 
1935 curve. For present purposes the 
comparisons, based on the relative shapes 
of these frequency-weigh ting curves, are 
sufficient. 

An investigation, which is reported in 
the present paper, was undertaken to 
determine the relative influence of the 
number of rectifier phases on the induc¬ 
tive co-ordination problem, particularly 
for a number of phases beyond 12. Ac¬ 
cordingly, calculations of the relative 
current TIF and relative voltage TIF 
for different numbers of rectifier phases 
from 6 to 72 were made by the method 
previously described. These calculations 
assume 

1. Both 60- and 25-cycle supply. 

2. Load and circuit conditions, represented 
by / the direct current per secondary phase 
group, X the commutating reactance in 
secondary terms, and E 0 the crest value of 
anode-to-neutral voltage of the transformer 
secondary winding, of such values as to give 
a ratio of IX/E 0 equal to 0.081, correspond¬ 
ing to an angle of overlap of 25 degrees. 

In addition to the principal curves, 
which are based on no voltage reduction 
by phase control, that is, a phase-control 
ratio of one (PCR = 1.00), some results 
of calculations are given for a phase- 
control ratio of 0.85 ( PCR = 0.85). The 
results of these calculations are plotted in 
the curves of Figures 1 through 6. Fig¬ 
ures 1 and 2 give the curves of relative 
current —TIF for 60-cycle supply based 
on the 1935 and 1941 frequency-weighting 
curves, respectively. Figures 3 and 4 
give the corresponding curves of relative 
voltage— TIF , respectively. Figures 5 
and 6 give the corresponding curves of 
relative current —TIF for 25-cycle sup¬ 
ply. Examination of the curves of Fig¬ 
ures 1 through 6 shows important re¬ 
ductions in both the curves of relative 
current —TIF and voltage —TIF as the 
number of rectifier phases is increased. 
However, because of the high peak in 


the 1935 frequency-weighting curve in 
the vicinity of 1,100 cycles, the 18- 
phase rectifier with a 60-cycle supply 
and a 36- or 42-phase rectifier on a 25- 
cycle supply are less favorable than the 
next smaller number of rectifier phases. 
Because of these circumstances, it has 
been considered generally undesirable to 
use 18-phase rectifiers on 60 cycles and 
36 or 42 phases on 25-cycle systems. 
However, the 1941 frequency-weighting 
curve does not have this sharp resonant 
point and there is a gain in increasing the 
number of phases throughout the prac¬ 
tical range of rectifier application. 

Effects of Supply-System Harmonics 
and Rectifier Load Balance and 
Their Interrelation 

Harmonics in the supply system may 
have important effects on rectifier opera¬ 
tion, particularly in producing un- 


32t>-2 
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Figure 2. Effect of number of rectifier phases 
on relative-current TIF 

Based on 60-cycle supply and 1941 frequency- 
weighting curve 

1 Insert: Replot of principal curvesto smaller scale 

balance in current between the various 
phase groups. Unbalancing load be¬ 
tween phase groups also has an important 
effect on supply-system harmonics. Be¬ 
cause of this interrelation between har¬ 
monics in the supply and load balance, 
it is convenient to consider the subject 
in three parts: 

1. An infinite source with load unbalance. 

2. An infinite source with harmonic volt¬ 
ages. 
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3. A finite source with two or more recti¬ 
fiers, such that the harmonics from one af¬ 
fect the voltage applied to another. 

Infinite Source With Load 
Unbalance 

If one six-phase unit of a multiphase 
rectifier* is removed from service, the 
harmonic currents in the supply are 
affected importantly, as pointed out 
previously. This unbalanced condition 
may be analyzed by the addition of 

1. A fictitious six-phase load of such mag¬ 
nitude and phase relation when added to the 
actual loads as to provide a balanced multi¬ 
phase rectifier. 

2. A second fictitious load, the negative of 
the first. 


rent magnitude equal to that proportion 
of the total load. Actually, the harmonic 
currents should be increased because of 
the lower ratio of IX/E 0 that applies for 
such a condition. 3 

Infinite Source With Harmonic 
Voltages 

The effect of harmonic voltages in a 
source, particularly at the lower-harmonic 
frequencies, is to increase or decrease 
during the conducting period the average 
voltage applied to the various phase 
groups. The practical result of this 
action is to unbalance the currents be¬ 
tween the various phase groups. The 
phase position of the harmonic with re¬ 


value of voltage on that phase group dur¬ 
ing the conducting period. If a second 
phase group is displaced 30 electrical 
degrees at fundamental frequency from 
the first phase group, as in a 12-phase 
rectifier, the phase relation of the fifth 
harmonic to the fundamental in the 
second phase group is displaced 180 
degrees from the phase position of the 
fifth harmonic with respect to the funda¬ 
mental in the first phase group. This 
circumstance results from the fact that 
the phase relation of the fundamental is 
shifted 30 electrical degrees in one direc¬ 
tion while the fifth harmonic, being of 
negative sequence, is shifted five times 
30 electrical degrees in the opposite direc- 



Figure 3. Effect of number of rectifier phases 
on relative voltage TIF 


Based on 60-cycle supply and 1935 fre¬ 
quency-weighting curve 77F= (relative volt¬ 
age TIF)K" 

where 

percent X) 

Rlac 

l-D-c load current per secondary phase 
group 

Per cent Transfer reactance in per cent, 
based on rated d-c kilowatts 

^-Transformer ratio, primary to secondary 
line-to-neutraf voltages 

l ac =Alternating current on primary side of 
transformer, rms value 


Thus, this combination can be analy; 
h f multiphase rectifier of balanced 

2. A six-phase rectifier of negative lot 

Both of the rectifier loads may be 
lyzed by the aid of the method previ. 
escribed. The curves of Figures 
5, and 6 also include some data givin 
relahve current telephone interfe: 
factor for a six-phase unit out of sei 
m a m ultiphase rectifier. For eon 

sixnV 116 CUrVCS haVe been Pitted i 
six-phase unit out of service with a 

to sizTh d ases thiS 1 
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Figure 4. Effect of number of rectifier phases 
on relative voltage TIF 

Based on 60-cycle supply and 1941 frequency¬ 
weighting curve 

spect to the fundamental is different for 
different phase groups derived by trans¬ 
formers from the same supply voltage. 
In considering the relative phase position 
of the harmonic voltage of a phase group 
with respect to its fundamental-frequency 
voltage, it is necessary to consider not 
only the higher frequency of the harmonic 
but also the difference in symmetrical- 
component phase sequence. It has been 
shown, 6 for the condition in which the 
crest of the harmonic voltage bears the 
same relation to the crest of the funda¬ 
mental in each phase, and the sequence 
of the fundamental is positive, that the 
harmonics of order (3 m + 1) are of posi¬ 
tive sequence and of order (3m - 1) are 
negative sequence, where m is any in¬ 
teger. Thus, the 5th, llth, and so forth, 
harmonics are of negative sequence, and 
the 7th, 13th, and so forth, harmonics are 
of positive sequence. The effect of har¬ 
monics on the average d-c voltage of a 
phase group can be understood more 
readily by reference to the diagram of 
Figure 7. If harmonics in the supply are 
such as to produce fifth-harmonic volt¬ 
age applied to one rectifier phase group, 
as shown by the solid line curve of Figure 
, the effect is to decrease the average 
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Figure 5. Effect of number of rectifier phases 
on relative current TIF 


Based on 25-cycle supply and 1935 fre¬ 
quency-weighting curve 
Actual current 7/F=(relative current T!F)K' 
(see Figure 1 for K') 

tion. Thus, if the fifth-harmonic voltage 
in the supply tends to decrease the aver¬ 
age voltage of one phase group, it tends 
to increase the average voltage of the 
other phase group in the 12-phase recti¬ 
fier. 

If the harmonic voltage in the supply 
to a multiphase rectifier is shifted with 
respect to the fundamental, the harmonics 
in the secondary phase groups are shifted 
with respect to the fundamental, and the 
effects on load unbalance are altered. It 
is possible, therefore, that one trans¬ 
former connection will be better from the 
standpoint of current balance than an¬ 
other, if harmonics of definite phase posi¬ 
tion with respect to the fundamental 
exist in the supply. I n general, however 
the phase position of the harmonic with 
respect to the fundamental will change 
at the rectifier location, and as a conse¬ 
quence there is little practical advantage 
m one transformer connection over an¬ 
other from the standpoint of current 
balance. The maximum effect of un¬ 
balancing between phase groups may be 
encountered in a 12-phase rectifier if 
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fifth harmonics of appropriate phase 
relation exist in the power source. If 
rectifiers of more than 12 phases are sup¬ 
plied from a source with a fifth-harmonic 
voltage, the various rectifier units will 
carry loads between the two extremes 
for maximum load unbalance. 

The maximum unbalance between dis¬ 
placed rectifier phase groups that can 
result from a fifth harmonic in the supply 
can be estimated from the equation: 


=t 


r 20 (per cent E s ) 
per cent I un — - 7 

per cent regulation 


( 1 ) 


where 


Am —the unbalance current per rectifier in 
per cent of normal current per phase 
group 


In this particular installation, four sepa¬ 
rate multianode tanks were supplied by a 
quadruple-zigzag 12-phase transformer 
connection. Harmonics in the supply 
voltage, both as to magnitude and phase 
position with respect to the fundamental, 
and the difference in regulation of the 
different phase groups were measured and 
the results compared with tests. The 
calculations based on the foregoing 
analysis indicated correctly which phase 
group should carry the heavier load. 
The magnitudes of the fifth-harmonic 
voltage and the unbalanced current are 
given in Table I. 

The calculations were made from har¬ 
monic analyses of polar oscillograms of 
the supply-voltage wave, which gave 


other units which may be connected, in 
parallel with the one that has been re¬ 
moved from service. Several effects 
may be noted. One effect of the har¬ 
monic impedance through the source is 
to divert part of the fictitious load cur¬ 
rent from the source to the other rectifier 
units. The effect may be viewed as 
being produced by the negative harmonic- 
voltage drops impressed on the remaining 
six-phase rectifier units as a consequence 
of the fictitious negative load. The re¬ 
sult in any case is to reduce the harmonic 
currents flowing through the source to an 
amount that is less than would be ex¬ 
pected from the greater equivalent re¬ 
actance of the rectifier and supply 
system. 3 



Figure 6. Effect of number of rectifier phases 
on relative current TIF 

Based on 25-cycle supply and 1941 fre¬ 
quency-weighting curve 

per cent E 5 = the fifth harmonic voltage in 
supply in per cent of fundamental 

per cent regulation = the regulation of recti¬ 
fier and transformer but not of common 
supply to the various phase groups, in 
per cent 

Thus, the unbalanced current in per cent 
is two to five times the per cent fifth- 
harmonic voltage per cent in the source 
for the usual regulation conditions of from 
eight to four per cent. 

The effect of a seventh harmonic in the 
supply is quite similar to that of a fifth 
harmonic. However, the seventh har¬ 
monic is usually of smaller magnitude 
and, therefore, has smaller effect on load 
balance. Furthermore, a greater mag¬ 
nitude of the seventh harmonic is re¬ 
quired to produce the same amount of 
unbalance, because the uncompensated 
part of a shorter half-cycle of the har¬ 
monic must be averaged over the same 
conducting period. 

Several years ago an analysis was made 
of a case where load unbalance was ob¬ 
served on a 12-phase, 3,000-kw rectifier. 
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Figure 7. Diagram showing phase position of 
fifth harmonic to fundamental-frequency volt¬ 
ages for (A) maximum and (B) zero load un¬ 
balance of rectifier groups in 12-phase con¬ 
nection 

both magnitude and phase position of the 
fifth harmonic with respect to the funda¬ 
mental. For test 2, the phase position 
of the fifth-harmonic voltage was within 
four fundamental degrees of that posi¬ 
tion which theoretically should give the 
maximum unbalance for that magnitude 
of harmonic voltage. 

Finite Source With Unbalanced Rec¬ 
tifier Loads and Harmonics 

When multiphase rectifiers are oper¬ 
ated from a supply system of negligible 
reactance, the unbalanced load resulting 
from the disconnection of one six-phase 
unit produces harmonic currents through 
the source corresponding to the fictitious 
negative six-ph£se load as previously 
pointed out. However, the outage of one 
six-phase unit does not affect the opera¬ 
tion of the other six-phase units for the 
case of an infinite source. Consider now 
the case with a finite source. The effect 
of the harmonic current from the fictitious 
negative six-phase load corresponding to 
one unit out of service produces a har¬ 
monic voltage drop impressed on the 
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. Table I. Effects of Fifth-Harmonic Voltage 
on Rectifier Load Balance 



Fifth 

Harmonic 

Voltage 

Unbalanced Current 

Per Phase Group—-Per Cent 

Test 

Calculated* 

Measured 

1 . . 

_2.4_ 

. . . ±6.5. . . . , 

. 

* 

0 

cn 

r* 

0 

V 

2 . . 

. . . .1.9. ... 

. . . ± 5.6. 

. ±6.2 


* From harmonic analysis of voltage wave. 


From a practical standpoint the effect 
of these unbalances may be very impor¬ 
tant if they were allowed to exist. Thus, 
a 15 per cent fifth-harmonic voltage may 
produce sufficient unbalancing effect as 
to substantially remove the load from 
one six-phase unit and to nearly double 
the load on another. However, such 
conditions would normally not be allowed 
to remain because the voltage on the most 
heavily loaded six-phase unit would be 
reduced by phase control. This would 
have the effect of more nearly balancing 
the loads of the several six-pliase units. 
The unbalancing effect, however, may j> e 
important if the momentary currents 
exceed breaker settings. 

The effect of a unit out of service on a 
multiphase rectifier is, of course, to in¬ 
crease the wave-shape distortion of the 
supply and to increase the load un¬ 
balances. The results vary for the 
particular systems depending upon 
the number of units and reactance of the 
individual units and the reactance of the 
supply system at the harmonic frequency 
The range of conditions is so great that it 
is scarcely practicable to generalize on the 
results that may be obtained. Reference 
however, may be made to Marti and 
Taylor 6 and to the work of the Joint 
Subcommittee on Development and Re¬ 
search, Edison Electric Institute and 
Bell Telephone System, which has given 
considerable attention to this problem. 7 

Transactions I85 








They show that the increase in the 1 • T 
products for 30- and 60-phase rectifiers 
with a unit out of service varies from 
three to five times these factors for normal 
balanced conditions. Because of this, 
there is little advantage in using more 
than, say, 36 phases, unless the total 
rectifier load is large, or unless the possi¬ 
bility of resonance in the supply in the 
vicinity of 36th harmonic is anticipated. 

Resonance in the Supply System 

The harmonics produced by rectifier 
operation are of much greater importance 
if the supply system is resonant for one of 
the rectifier harmonics, the lower fre¬ 
quencies being more likely to be impor- 


Tabfe II. Harmonics Present for Rectifiers of 
Various Phases 


Har- 6- 12- 18- 24- 

monic Phase Phase Phase Phase 


Frequently capacitors are used in con¬ 
junction with large industrial rectifiers 
supplied over long transmission lines for 
the purpose of increasing voltage level, 
thus increasing the load power factor and 
the amount of power that can be handled. 
These capacitors may increase the oppor¬ 
tunity for producing resonance, particu¬ 
larly at the time when a rectifier unit is 
out of service. Consequently, special 
attention should be paid to the harmonic 
problem for installations involving multi¬ 
phase rectifiers and capacitors. 

Capacitors 

In themselves capacitors generate no 
harmonic voltages, but they affect har- 


the capacitor of such value as to tune in 
series resonance for the desired frequency. 
Thus a reactance of four per cent at fun¬ 
damental frequency on the capacitor- 
bank rating is required for series reso¬ 
nance with the entire bank at fifth-har¬ 
monic frequency. Such a reactor will 
increase by four per cent the fundamental- 
frequency voltage impressed across the 
capacitor, a circumstance that should re¬ 
ceive consideration in the design and 
application of the capacitor. To make 
the shunt capacitor operate as an open 
circuit to a particular harmonic fre¬ 
quency, the capacitor may be divided 
into two parts with a reactor of appro¬ 
priate value placed in series with one of 
them. Thus for a parallel-resonant com- 


Table 111. Typical Preferred Minimum Kilowatt Rating for Multiphase 600-Volt Rectifiers* 


Minimum Preferred Rating—(Kilowatts) 
Total Number of Phases 


Rectifier Units 6 12 18 24 30 36 42 


1,500 kw— 6 anodes.1,500_3,000 _4,500_6,000 _7,500_9,000 ....10,500 

3,000 kw—12 anodes.3,000_3,000+*_9,000_6,000**_15,000_9,000**_21,000 


* Based on 6-phase transformers and phase shifters for the larger number of phases. 

** Based on 12-phase transformers and phase shifters for the larger number of phases. 


5x 
7.x 

11.x.x 

13.x.x 

17.x.x 

19.x.x 

23.x.x.x 

25.x.x.x 

29.x 

31.x 

35.x.x.x 

37.x.x.x 

41....... .x 

43.x 

47.x.x.x 

49.x.x.x 


tant from the standpoint of effect on ap¬ 
paratus and higher frequencies from the 
standpoint of inductive co-ordination. 
The harmonics that may be impressed 
upon the supply system for 6-, 12-, 18-, 
and 24-phase rectifiers under balanced 
conditions are shown in Table II for har¬ 
monics as far as the 49th. The number 
of frequencies of 49th harmonic and 
below that may be present for balanced 
operation are 16 for 6-phase, 8 for 12- 
phase, 4 for 18-phase, and 4 for 24-phase 
rectifiers. Thus, there is much less 
chance of resonance for rectifiers of the 
larger number of phases. However, if 
a six-phase unit is out of service, the 
harmonics that may be present.are the 
same as for the six-phase rectifier, al¬ 
though the magnitudes are lower than for 
full six-phase operation. From the stand¬ 
point of chance for resonance when one 
unit is out of service, there is a difference 
between two 24-phase rectifiers if one is 
made up of four six-phase units or two 
12-phase units. 


monic voltages and currents from other 
sources only because of the relation of 
their harmonic reactance to that of the 
connected system. Large capacitors on 
the supply side of rectifier transformers 
tend to provide a short-circuit path for 
the higher harmonics incidental to recti¬ 
fier operation. For the lower-frequency 
rectifier harmonics, large capacitors may 
form a resonant path with the source 
which may result in larger harmonic cur¬ 
rents in the source and in the capacitor 
than in the rectifier transformers them¬ 
selves. Increasing capacitor kilovolt¬ 
amperes beyond a certain value at a rec¬ 
tifier location will decrease voltage tele¬ 
phone interference factor. This is an 
effect with capacitors and harmonics 
from rectifiers that is analogous to that 
pointed out by Feaster and Harder 10 for 
the case of capacitors and harmonics from 
transformer magnetizing current. 

Depending upon conditions, it may be 
theoretically desirable to modify the har¬ 
monic-impedance characteristic of a shunt 
capacitor so as to make it 

1. Provide a short-circuit path for har¬ 
monics originating in the rectifier. 

2. Provide an open-circuit path to a par¬ 
ticular harmonic originating in the system. 

The short-circuit path can be obtained by 
adding a reactance in series relation with 


bination at the fifth-harmonic frequency, 
a reactor of 16 per cent at fundamental 
frequency on the bank rating would be 
required for connection in series with one 
half of the capacitor bank. This reactor 
would increase the fundamental-fre¬ 
quency voltage applied to that section 
of the capacitor by eight per cent. 

Where large capacitors are connected 
in parallel with large multiphase recti¬ 
fiers supplied by transmission systems, 
it is particularly desirable to give careful 
consideration to the harmonic problem. 
The effects for the lower frequencies 
should be studied analytically, and by 
field tests which should give, if possible, 
the magnitude of the fifth-harmonic volt¬ 
age in the supply and the harmonic- 
frequency impedances. With this in¬ 
formation available, the capacitor ap¬ 
plication should be studied to determine 
what characteristic at harmonic fre¬ 
quency should be employed. It appears 
possible but unlikely that in a few in¬ 
stallations the subdividing of the capaci¬ 
tor into sections tuned for various fre¬ 
quencies will be found desirable. 

If the capacitor is supplied through a 
transformer (or autotransformer) and 
connected to the bus which supplies rec¬ 
tifier transformers, the effect is equiva¬ 
lent to putting a reactor in series with 
the capacitor and thus to tune it for 
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some (not necessarily integral) harmonic 
frequency of the supply system. 

Available Number of Phases 

Standard ignitron rectifiers in the 600- 
700 volt class are available in ratings up 
to 10,000 amperes. Typical minimum 
preferred kilowatt ratings for a given 
number of rectifier phases for large loads, 
as in electrochemical service, are listed 
in Table III, which is based on the use of 
1,500-kw 6-anode and 3,000-kw 12-anode 
assemblies. The 3,000-kw unit is, of 
course, more economical than the smaller 
unit and should be used where total load, 
spare capacity, and similar considerations 
permit. 

In industrial applications using smaller 
ratings, fewer anodes are required, and 
it becomes correspondingly more expen¬ 
sive to provide many phases. The possi¬ 
ble combinations depend upon the load 
to be carried, the requirements for spare 
capacity, and the additional expense that 
may be justified for additional anodes. 
Table IV has been prepared to indicate 
the range and characteristics of combi¬ 
nations for various loads and number of 
phases. In some cases combinations 
with different number of transformers 
are listed for a particular rating. Since 
the cost of the installation will increase 
with the number of transformers, Table 


Tabic IV. Combinations for Various Loads 
and Number of Phases 



No. 

of Transformers 

Rectifier Rating (Kilowatts) 6- 

12- 

24- 

600-700 Volt Class 

Phase 

Phase 

Phase 

750 . 

. . . .1 



1,000. 

. 1 



1,500. 

... .1 



2,000. 

... . 1 . . . 

.1* 


3,000. 

. 1. . . 

. .1* 


5,000 . 

. 1. . . 

l*-2 

. .3** 

6,000 . 

. 1 .. 

.. 1*-2 .. 



*• 12-phase operation by the use of one quadruple- 
zigzag transformer. 


** 24-phase operation by the use of two quadruple- 
zigzag transformers and phase-shifting transformer. 

IV also gives an order of preference for 
the various combinations from the oper¬ 
ating point of view aside from wave 
shape. 

Summary 

The harmonic and load-balance char¬ 
acteristics of rectifiers and their com¬ 
plicated interrelations have been ana¬ 
lyzed. The effect of source harmonics 
on rectifier load balance has been shown. 
Curves giving the effect of a wide range 
of rectifier phases on wave-shape dis¬ 
tortion have been presented. The fac¬ 
tors which should receive consideration 
in the selection of the number of rectifier 
phases have been outlined. 
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A Vertical-Flow Compressed-Air Circuit 
Breaker and Its Application on a 132-Kv 
Power System 
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Synopsis: The compressed-air circuit 
breaker for indoor power-house service is 
becoming very popular. However, its use 
for high-voltage outdoor service is still in 
the field-trial stage. Several high-voltage 
porcelain-clad circuit breakers of American 
design are now in service, and their perform¬ 
ance is being watched carefully. A 138-kv 
1,500,000-kva three-pole breaker has been 
installed at the Kittanning substation of the 
West Penn Power Company. Before instal¬ 
lation its interrupting ability was checked 
to 5,900 amperes with full 132 kv on a 
smgle-pole unit and on a circuit with a 
transient recovery rate of 3,100 volts per 
microsecond. The mechanical operation 
was tested with the breaker in a heavily 
iced condition at -14 degrees Fahrenheit, 
the air-supply system was tested at -4 de¬ 
grees Fahrenheit, and both were found to 
operate satisfactorily. 

The breaker was installed on the most 
active line of the West Penn Power Com¬ 
pany system. During the three months 
following its installation it had 41 opera- 
tions, five of which were on faults Its 
operation to date has been satisfactory in 
every detail, and it is hoped that this new 
device will meet operating requirements and 
reduce materially the time outage for servic- 
ing such apparatus. 

I. Introduction 

^■HE circuit-breaker art, almost from 
■ the time of its beginning, has depended 
upon the use of oil as an interrupting 
medium. Its use has permitted this 
country to develop a power system whose 
expanse and kilovolt-ampere concentra¬ 
tions are equaled no other place in the 
world. However, during the past four 
years, the interest in and the acceptance 
of compressed air as an interrupting me¬ 
dium has increased at an accelerating pace. 

A new type of compressed-air circuit 
breaker for powerhouse indoor service, 
utilizing a transverse blast, has been de¬ 
veloped to cover the range of kilovolt- 
amperes from 50 0, QQQ to S^OO^OO. 1 - 3 

Tn nrnf 3 r 1 * r ? co ! 31mend e d by the AIEE committee 
national^ V1 . Ces for Presentation at the AIEE 
national technical meeting, New York N Y 

H. A. P. Langstaff is electrical engineer electrical 
engineering department. West Penn Power Com 
pany Pittsburgh, Pa., and B. P. Ba KBR ^develop 
ment engmeer, switchgear engineering department 

Saraas: 


Possibilities of the high-voltage com¬ 
pressed-air circuit breaker for outdoor 
service in America have been carefully 
considered and found attractive, but the 
advantages and disadvantages could best 
be definitely established by outdoor field 
installation and trial. Therefore, a breaker 
was designed, built, and tested in the 
Westinghouse high-power laboratory 4 and 
installed in August at the Kittanning sub¬ 
station of the West Penn Power Company. 

II. Application 

West Penn Power Company’s 1940 
plans provided for a 132-kv three-bay 



extension to their major switching station 
segregated from the existing structure. 
The use of three oilless breakers to elimi¬ 
nate fire hazard and reduce the time ele¬ 
ment for servicing was the objective. 
Such breakers were not available to meet 
the construction schedule. However, it 
was decided that operating experience 
should be obtained with such breakers; 
this resulted in the placing of an order in 
January 1941 for one vertical-flow com¬ 
pressed-air three-pole fully automatic 
1,500,000-kva 138,000 - volt breaker 

which was to be installed on a circuit 
where the greatest amount of operating 
experience would be secured which might 
be representative throughout the system. 
The circuit selected was already controlled 
by an oil circuit breaker equipped with 
impedance networks, provided with car¬ 
rier line-current relaying and included in 
differential bus protection. The breaker 
specifications, therefore, included capaci¬ 
tors to replace the impedance networks, 
arrangement for mounting carrier wave 
trap, and double-ratio double-winding 
double-core current transformers. The 
inherent design located the current trans¬ 
formers on the line side of the breaker 
which therefore left the major portion of 
this breaker connected to the bus and in¬ 
cluded in differential protection, which 
was considered satisfactory. The design 
is such as to permit future automatic re¬ 
closing and single-pole operation. 

The circuit controlled extends over a 
30-mile wood-pole line to a switching sta¬ 
tion where it interconnects with the Penn- 


Figure 1A. Single-pole unit of a three-pole 
138-kv 1,500,000-kva compressed-air circuit 
breaker 
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Figure IB. Schematic drawing showing side 
elevation of the breaker in Figure 1A 
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Figure 2A. Compressor house and 1,000 
pounds per square inch storage system 


sylvania Electric Company’s system. 
Prom that point the circuit extends over 43 
miles of wood-pole construction to the 
Keystone system of the West Penn Power 
Company at Ridgway, Pa.; thence again 
over 38 miles of transmission line, where 
it extends and interconnects at Warren, 
Pa., with the Pennsylvania Electric 
Company’s system. 

The application of this breaker is gen¬ 
erally in line with recommendations of the 
action of January 27, 1941 of the Joint 
Committee of the Edison Electric Insti¬ 
tute, Associated Edison Illuminating 
Companies, and the National Electrical 
Manufacturers Association, which was 
later followed and agreed upon in their 
October 24, 1941 decision, recommending 
field service installations on a selected set 
of ratings. This development holds prom¬ 
ise of effecting savings in critical materials. 

III. Description 

Figure 1 shows both a picture and a 
schematic diagram of a single-pole unit 
of the 138-kv breaker. The air-storage 
reservoir is mounted in a simple frame 
which also houses the blast valve and the 
valves which control air for opening and 
closing the breaker. 

At one end of the frame is mounted a 
porcelain clad Inerteen-filled wound-pri¬ 
mary current transformer. The double 
secondary, double winding, and double 
core provide for bus differential protection 
and standard line protection, using only 
one transformer unit per phase. The 
transformer forms one line terminal of the 
breaker and supports the stationary con¬ 
tact of the isolating switch. At the other 
end of the frame are mounted three tubu¬ 
lar porcelains which provide insulation to 



Figure 2B. Compressors and driving motors 
mounted on the left side of the center aisle 
of the compressor house 


ground and form a tripod support for the 
pole-unit mechanism. One of these por¬ 
celains carries the air blast; the other two 
carry air for opening and closing the con¬ 
tacts respectively. 

The pole-unit mechanism consists es¬ 
sentially of two simple cylinders and pis¬ 
tons. The one mounted vertically oper¬ 
ates the arcing contact within the inter¬ 
rupting device, and the other mounted at 
an angle operates the isolating switch. 
Both are very fast and pneumatically 
interlocked, so that the circuit is always 
opened on the arcing contact and closed 
on the isolating switch. 

The double-orifice vertical-flow inter¬ 
rupting element described fully in an¬ 
other paper 5 is supported by the pole- 



Figure 2C. Motor controls and pressure 
governors mounted on the right wall of th 
compressor house 


unit-mechanism housing between two 
identical porcelain columns. 

With the breaker in the closed position, 
the circuit is complete from the top of the 
upper interrupter porcelain through the 
interrupter, the pole-unit mechanism, the 
isolating switch, and current transformer. 

Bleeder valves are provided to allow a 
continuous trickle of dry air through all 
three porcelain columns, thereby pre¬ 
venting breathing and keeping their inner 
surfaces in better operating condition. 


Tabic I. Interrupting Tests on a Single-Pole Unit of a Three-Pole 138-Kv 1,500,000-Kva 

Compressed-Air Circuit Breaker 

Tests June 5, 1942, at the East Pittsburgh High-Power Laboratory. Witnessed by Engi¬ 
neers of the West Penn Power Company 


Reservoir Circuit- 

Pressure Transient Fre- 

Applied Recovery Amperes (Pounds Recovery quency Type 

Voltage Voltage Inter- Amperes Per Arcing Rate Cycles of 

(Kilo- (Kilo- rupted Closed Square Time (Volts Per Per Opera- 
Test volts) volts) (RMS) (Crest) Inch) (Cycles) Microsecond) Second tion 


*1 .. 

. .120. . 

..114 ,. 

. .1,410. . 


...350... 

. .0.8. . 

.1,100. 

. .60. 

... O 

2 . . 

. .120. . 

..116 .. 

. .1,150. , 

. .1,560.. . 

...350... 

..0.7. . 

....1,100. 

. .60. 

. . .CO 

3 .. 

. .120. . 

..112 .. 

. .2,540. . 


...350 .. 

1 2 

i ssn 

60 

Q 

4 .. 

..120.. 

..108 .. 

. .2,030. . 

, .4,330_ 

...350... 

. .1,5 . 

1 550 

60 

CO 

5 . . 

. .120. . 

..110 .. 

..3,160. . 


...350 . 

1 0 

2 nnn 

60 

Q 

6 . . 

. .120. . 

..107 .. 

. .2,820. . 

. .7,150. . . 

..,350... 

..0.8.. 

_2,000. 

. .60. 

.. .CO 

*7 .. 

. .120. . 

..109 . . 

. .4,830. . 


...350... 

..1.7.. 

. . . .2,600. 

. .60. 

... o 

t8 .. 

..120.. 

. . 108 

. .4,400. . 

. .10,600. . . 

...350... 

..1.3., 

. . . .2,600. 

. .60.. 

. . .CO 

9 . . 

. . 44. . 

.. 41.5.. 

. .2,400. . 


...350... 

. .1.4.. 


. . 60. . 

o 

10. . 

.. 88.. 

.. 81.0.. 

. .5,650. . 


...350... 

..1.6.. 

2 300 

. . 60. . 

o 

11. . 

.. 88.. 

.. 80.0.. 

. .4,800. . 

30 

O 

o 

..,350... 

, .1,0.. 

9, 300 

. . 60. . 

. CO 

*12. . 

.. 88.. 

.. 82.0.. 

. .6,750. . 


. ..350... 

!-lie! I 

.2,500. 

. . 60. . 

... o 

13. . 

,. 88.. 

.. 80.5.. 

. .5,840. . 

. . 8,050, . . 

. ..350... 

. .1.7.. 

.2,500. 

. .60. . 

... CO 

14. . 

.. 88.. 

.. 83.0.. 

. .7,000. . 


...350... 

. .1.0.. 

.2,500. 

. .60. . 

... o 

15. . 

.. 33,. 

.. 30.0... 

. .5,410. . 


...350.;. 

. .1.0.. 


. .60. . 

... o 


* Oscillograms shown in Figure 4. f Oscillogram shown in Figure 5. 
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Figure 3. A three- 
pole 138-kv 1,500,- 
0 0 0 - k v a com* 
pressed-air circuit- 
breaker installation 
at the Kittanning 
substation of the 
West Penn Power 
Company 


The three poles are mounted separately 
and are mechanically independent but are 
simultaneously electrically controlled from 
a single housing which contains all re¬ 
lays, gauges, and so forth. Their opera¬ 
tion is synchronized to within a cycle, and 
they may be converted easily to provide 
high-speed reclosing for either segregated 
or three-pole service. All control wiring is 
enclosed within the tank enclosure and 
supporting structure. 

Figure 2 shows the air-supply system 
which consists of an insulated heated 
house containing two 1,000-pounds-per- 
square-inch compressors separately driven 
and operated independently or in paral¬ 
lel, each feeding through separate, coolers 
into a battery of five 1.5-cubic-foot 
storage bottles. These bottles are con¬ 
nected through another cooler to a 
second battery of five bottles. All are 
used as storage capacity at 1,000 
pounds per square inch from which air is 
supplied through a pressure-reducing 
valve to the breaker reservoirs where it 
is stored at 350 pounds per square inch. 
By compressing air to 1,000 pounds per 
square inch, cooling, and then expanding 
to 350 pounds per square inch, air sufli- 
ciently dry for satisfactory operation of 
the breaker is secured. Preparations are 
being made to measure periodically the 
moisture content of the air under varying 
atmospheric conditions. 

The air-supply unit is mounted adjacent 
to the breaker, as shown in Figure 3, and 
connected.by means of a one-inch copper 
airline to the middle pole unit from where 
it distributes through the respective con¬ 
trol valves to each of the two outer pole 
units. From the central-pole control 
cabinet, air passes through a protective 
valve which is arranged to allow air to 
flow forward freely after the pressure has 
reached a predetermined value, but to 


limit the flow in the forward direction in 
case it exceeds a predetermined amount, 
which would be the case with a fouled 
valve or burst connection. A check valve 
is also incorporated in this protective 
scheme to guard against a reverse flow 
of air. 

Three pressure-responsive switches are 
connected to the common air line to pro¬ 
vide signals guarding against the function¬ 
ing of the breaker with insufficient air 
pressure. One switch provides alarm 
when pressure drops below 250 pounds 
per square inch, another opens the closing 
circuit when pressure drops below 240 
pounds per square inch, and the third 
opens the tripping circuit when the pres¬ 
sure drops below 225 pounds per square 
inch. These switches are so connected in 
the control circuit that, once an operation 
is initiated, it will be completed without 
interference from the pressure switches. 
Settings are such that, if there is sufficient 
pressure to allow closing, there will be 
also sufficient pressure to enable the 
breaker to open immediately in case of a 
fault. 


IV, Factory Tests- 
Tests 


-Interrupting 


One pole of this.breaker was tested in 
the Westinghouse high power laboratory 4 
and witnessed by representatives of the 
West Penn Power Company. Table I 
shows this series of 15 short-circuit tests, 
including both opening and closing-open¬ 
ing operations with 120 and 88 kv respec¬ 
tively across the single-pole unit. The 
maximum current interrupted at 120 kv 
was 4,830 amperes, and 7,000 amperes at 
88 kv. There was practically no visible 
disturbance during the opening operation 
of these tests, but a limited amount of 
arcing was noticeable at the final closing 


position of the isolating switch. The air 
discharge on opening operations was 
quite noticeable but not at all serious and 
did not increase with the increase of 
kilovolt-amperes interrupted. After the 
tests, the arcing and isolating contacts 
were all inspected and found to be in ex¬ 
cellent condition. 

Figure 4 shows three typical oscillo¬ 
grams of the opening operations. 

Figure 5 shows a typical oscillogram of 
a closing-opening operation. 

Table II shows a series of six opening 
operations with 132 kv across a single 
pole of the 138-kv breaker. The react¬ 
ance of the circuit was adjusted to give 
4,800 amperes with a circuit transient 
recovery rate of 2,800 volts per micro¬ 
second. The pressure in the reservoir was 
decreased after the first two tests, so that 
on the last test 4,400 amperes were inter¬ 
rupted with 225 pounds per square inch. 

Figure 6 shows the magnetic and cath¬ 
ode-ray oscillograms of a single-pole unit 
interrupting 5,900 amperes with full 132 
kv applied to its terminals. The circuit 
transient recovery rate was 3,100 volts 
per microsecond. The arcing time was 1.2 
cycles. 

These tests have not extended the 
limits of kilovolt-amperes interrupted on 
this type of interrupter. 6 However, they 
were made to demonstrate the adequacy 
of this breaker for 138-kv 1,500,000-kva 
service. 

V. Mechanical Tests 

The high-pressure air system was tested 
at 2,000 pounds per square inch, and the 
low pressure reservoirs at 800 pounds per 
square inch. The storage tanks met the 
state safety code and inspection require¬ 
ments and carried their approval before 
assembly in the breaker. 

At 350 pounds per square inch, the 
closing time for the isolating switch is 
approximately one-fourth second. The 

Tabic II. Interrupting Tests With 132-Kv Initial 
Voltage, 60 Cycles, Applied to a Single- 
Pole Unit of a Three-Pole 138-Kv 1,500,000- 
Kva Compressed-Air Circuit Breaker 
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Currents and voltases—rms (AIEE Standards) 

A. Fault current 1,410 amperes; recovery 

voltage 114 kv 

B. Fault current 4,830 amperes,- recovery 

voltage 109 kv 

C. Fault current 6,750 amperes,- recovery 

voltage 82 kv 


three isolating switches reach the closed 
position within one cycle of each other. 
The time from rise of blast-coil current to 
parting of the arcing contacts is approxi¬ 
mately six cycles. The three arcing con¬ 
tacts part within 0.6 cycle of each other. 
The spread is increased 0.1 cycle as the 
operating pressure is decreased to 270 
pounds per square inch. The opening of 
a closing-opening operation increases the 
spread between the arcing contacts by 
another one- or two-tenths cycle. 

VI. Low-Temperature Tests 

The operation of the air-supply system 
at low temperatures was checked by 
placing it in a cold room with subzero 
temperature and operating it periodically 
for several days. Air was supplied to the 
compressor from outside the cold room, 
so that moist summer air at 85 degrees 
Fahrenheit was being compressed. The 
connection necessitated leaving ajar the 
door of the compressor cubicle; as a result, 
the temperature in the compressor cubicle 
reached 16 degrees Fahrenheit when the 
cold room temperature was —4 degrees 
Fahrenheit. At the end of the test, the 
air in the storage system was discharged 
through the pressure-reducing valve, 
with no tendency to foul its operation. 

Everything functioned normally except 
a check valve in a cooler, which failed 


several times to prevent pressure from 
getting back to the compressor. This 
produced no evidence of trouble and was 
detected only by opening the drain valve 
on the compressor. 

Figure 7 shows a single-pole unit of 
this breaker iced in a cold room at —14 



Figure 6. Cathode-ray and magnetic oscillo¬ 
gram of a single-pole 138-kv breaker operating 
with 1 32 kv across its terminals 


Fault current 5,900 amperes; applied voltage 
132 kv; circuit transient recovery rate 3,100 
volts per microsecond 


Figure 5. Magnetic oscillogram from Table I 

degrees Fahrenheit. The tests at low 
temperatures extended over five days. 
However, in order to check its operation 
under the most severe conditions," the 
compressor was placed outside the cold 
room and moist warm summer air was 
pumped directly into the breaker, without 
going through the usual stages of com¬ 
pressing and then re-expanding in order 
to eliminate the moisture. Warm water 



Figure 7. A single-pole 1 38-kv compressed- 
air circuit breaker iced for mechanical and 
electrical tests at —14 degrees Fahrenheit 
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Figure 8. On the 
right is shown an oil 
circuit breaker lo¬ 
cated in the switch¬ 
yard, and on the left 
is shown the way in 
which the com¬ 
pressed-air breaker 
and its accessories 
were arranged after 
the oil breaker was 
removed 


was directed on the guide and packing 
gland through which the disconnecting 
blade slides, while the breaker was 
opened and closed. Thus the valves and 
all operating parts were thoroughly wet¬ 
ted. The temperature was then dropped 
to —14 degrees Fahrenheit and, by means 
of an intermittent spray, the breaker was 
iced as shown in Figure 7. 

Upon energizing the opening valve, the 
operation of the contact^ appeared 
normal, and the isolating blade ap¬ 
parently functioned as though no ice at 
all were present. Its normal average 
speed of 24 feet per second was recorded. 

While the breaker was still iced, 132 kv 
was applied across the insulation ground 
for two minutes. Some corona was ob¬ 
served on the ends of icicles, but no 
flash over resulted. 

VII. Installation 

The complete breaker was trucked 
about 45 miles to the Kittanning substa¬ 
tion on July 16, and, after assembly of 
the pole units in the vicinity of its per¬ 
manent location, the oil breaker was re¬ 
moved,' and within seven days the air- 
blast breaker was installed, miscellaneous 
changes were made, and it was tested 
and placed in service. Approximately 
1,400 man-hours were spent on the entire 
job. The miscellaneous changes con¬ 
sisted of removal of the capacitors from 
the breaker assembly, rearrangement of 
controls, fittings, and so forth. The 
manufacturer's design met all general 
specifications, but the three capacitors 


were relocated and connected to the sta¬ 
tion bus to provide bus potential for all 
132-kv relaying, synchronizing, and so 
forth. The original capacitor and carrier 
wave-trap installation was retained. Fig¬ 
ure 8 shows an installation comparison of 
the oil breaker with that of the air-blast 
unit. The latter shows the capacitor with 
one wave trap in place as originally 
planned. All three poles of the breaker 
and the air-compressor unit have been 
installed within the oil-circuit-breaker 
bay, all of which are located on an ele¬ 
vated concrete platform. 

The complete functioning of the entire 
unit was checked with the following re¬ 
sults. With the air compressors out of 
service and the air-storage system normal, 
six opening operations and five closing 
operations were obtained in less than six 
minutes. It is recognized that this se¬ 
quence should be used only in an emer¬ 
gency, since the charging of the breaker 
reservoirs from low bottle pressure de¬ 
creases the effectiveness of the drying 
cycle. However, after operating the 
breaker with improperly dried air, its 
Megger readings had not decreased, and 
the breaker was placed on the 132-kv 
line without evidence of trouble. With 
the high-pressure system disconnected, 
the breaker completed an opening opera¬ 
tion, followed immediately by a closing- 
opening operation, using air only from 
the pole-unit reservoirs. 

It has not been found convenient to 
make short-circuit tests on the system 
because of the importance of the inter¬ 
connection and because of the duty to 


which the breaker can be subjected being 
limited to about 1,000,000 kva. During 
the three months following its installation 
there was a total of 41 breaker opera¬ 
tions, five of these being automatic as a 
result of line faults. All of these have 
been faults to ground with current values 
limited to not more than 3,000 amperes. 
All operations have been quite satisfac¬ 
tory with no noticeable system disturb¬ 
ance and without evidence of any breaker 
distress. 

Included in the preceding operations 
there have been a number of cases where 
the charging current of the unloaded open 
end line has been interrupted with no 
noticeable disturbance. 

The trickle of air through porcelain 
columns requires about one hour’s opera¬ 
tion per day for one compressor. A 
rather complete record is being kept of all 
work pertaining to the breaker, and no 
definite maintenance schedule has been 
formulated as yet. Air-compressor in¬ 
spection will be governed by actual 
operating hours. 

VIII. Conclusion 

We are quite hopeful that this new de¬ 
vice will meet operating requirements 
and reduce materially the time outage for 
servicing such apparatus. The West 
Penn Power Company’s future breaker 
purchases will be governed to a large 
extent by the performance of this unit, 
and it is hoped that other utilities may 
benefit and take advantage of this experi¬ 
mental installation. 
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you could with existing equipment. So 
we first proceeded to reduce the mathe¬ 
matical analysis to existing conditions, 
with the result that an engineer can now 
do the job in one day. Second, we were 
able to show the manufacturer that a 
good market exists for a good circuit 
breaker for use on rural distribution cir¬ 
cuits. There was only one on the market, 


T HE great interest shown recently by 
electrical engineers in rural electrifica¬ 
tion engineering and electroagricultural 
engineering is demonstrated by the fact 
that in the October 1942 issue of Elec¬ 
trical Engineering there appeared a 
paper which was entitled “New Engineer¬ 
ing and a New Industry,” presented in 
December 1941 before the American 
Society of Agricultural Engineers. The 
statement made therein that “before 
1935 there was no rural electrification 
engineering,” which was misinterpreted 
by some readers, was not made to dis¬ 
credit the work of anyone in electrifying 
farms, but referred to the fact that there 
was no specific branch of engineering that 
could be called “rural electrification en¬ 
gineering.” In fact, we all consider rural 
electrification engineering as a part of 
distribution engineering in general, and 
the latter is likewise a very young branch 
of engineering. As a matter of fact, very 
few spoke of “rural electrification.” In 
most of the literature prior to 1935 you 
will find only the term, “rural line ex¬ 
tension." The following statement is 
from the National Resources Committee 
report in “Technological Trends and 
National Policy,” 1937, page 284: 

Electric distribution grew as America grew. 
No one could have possibly predicted the 
rapid growth of American cities or American 
industries. During that rapid period of 
growth, any systematic planning of distri¬ 
bution for several years ahead became out of 
date on short order. Furthermore, during 
the rapid growth of the industry, when 
millions upon millions were spent on genera¬ 
tion and transmission, practically all the at¬ 
tention of engineers and manufacturers was 
concentrated on these two fields. The engi¬ 
neers were so wrapped up in generation and 
transmission that many of them considered 
distribution as too lowbrow to merit their 
attention. Distribution was frequently left 
to the lineman, purchasing agent, and store¬ 
keeper, and many distribution systems grew 

Paper 43-61, recommended by the AIEE committee 
on domestic and commercial applications for pres¬ 
entation at the AIEE national technical meeting 
New York, N. Y., January 25-29, 1943. Manu¬ 
script submitted November 16, 1942; made avail¬ 
able tor printing December 21, 1942. 

M. M. Samuels is chief of the technical standards 
division, Rural Electrification Administration, De¬ 
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The author expresses appreciation for the assistance 
and materials. furnished by J. P. Schaenzer, 
Bruce O. Watkins, and Knoland J. Plucknett, all 
of the technical standards division. Rural Electri¬ 
fication Administration, St. Louis, Mo. 


up to give the impression of crazy quilts, 
without any apparent logic either in circuit 
sizes, voltages, or locations, and sizes of 
transformers.” 

Distribution engineering really started 
with the introduction of the a-c network. 
Rural electrification engineering is a 
branch of distribution engineering, but 
the very fine engineering developed for 
networks, could not be applied to it. 
Those who had to compute rural circuits 
had to, and, to a great extent, still have 
to, use the methods developed by that 
branch of engineering to which most of 
the engineering brains of the last 30 
years or so has been devoted—transmis¬ 
sion engineering. Now, when on a trans¬ 
mission system the short-circuit current, 
the voltage regulation, and the stability 
are computed, the results indicate where 
breakers are needed and what land, where 
relays are needed and what kind, where 
voltage regulators are needed and what 
kind, where reactors or capacitors are 
needed and what kind. The equipment 
can generally be found in a catalogue, 
and, if you have the money to buy it, 
even if each breaker costs $130,000, it 
can be ordered. You can also assume 
that there will be operators and operating 
engineers, even specialized engineers 
who are qualified to operate and maintain 
the large breakers, the fine relays, the 
elaborate recording and metering devices, 
and so forth. When the same method of 
computation is applied to rural circuits, 
and when the results are obtained, what 
do you have? Probably just a fuse, and 
you hardly have enough money to put in 
a fuse every place you think there should 
be one. And in many cases you may not 
put in a fuse—you will take a chance on 
getting along without it, because it is 
practically impossible to co-ordinate fuses 
as accurately as to co-ordinate relays. 
And you know that there will be no one 
but a lineman to operate and maintain. 
The importance of continuity of service 
for farming may be far more pronounced 
than for domestic use. Previously it took 
two to three weeks to compute the short- 
circuit current of a rural system, and, 
after the computation was all done, most 
of the results could not be used advan¬ 
tageously, since you had to do the best 


but the manufacturer of this breaker had 
vision and kept improving it to meet the 
specific requirements of the primary rural 
circuit, with the result that Rural Elec¬ 
trification Administration systems alone 
bought over 5,000 such breakers in one 
year, and practically all systems that 
have them report that they are satisfied 
with tlieir performance, because the 
breakers have saved them many extended 
interruptions. Other manufacturers have 
developed small breakers, a few of which 
are already in operation, hut the war 
stopped further activity. We will need 
better and cheaper primary circuit 
breakers, both single-phase and three- 
phase, with a greater degree of co-ordinat¬ 
ing flexibility. Many additional improve¬ 
ments are still needed to give more per¬ 
fect co-ordination. This is what we call 
the first chapter of rural electrification 
engineering. It is by no means complete. 
(In electrical engineering we are ac¬ 
customed to being always a few years 
ahead of the textbook.) 

We consider the work done on telephone 
co-ordination as the second chapter of 
this specific branch of electrical engineer¬ 
ing. 

The voltage problem which is now in 
the process of study, will probably form 
the third chapter. We have already 
learned a lot that we did not know before, 
and some of it, we hope, will soon be 
ready for presentation to the profession, 
but it is a long and difficult job, and the 
analysis no doubt will bring out the need 
for new equipment. In this whole field 
of engineering there are not enough 
operating data for establishing the foun¬ 
dation for all future designs based on 
Kelvin’s idea of balancing fixed charges 
against variable charges. The systems 
are too young. But enough data are al¬ 
ready available to indicate the need for 
changes in equipment design. For in¬ 
stance, we already know that rural dis¬ 
tribution transformers should have lower 
core losses. There is hardly any second¬ 
ary distribution in rural areas; the 
consumers are so far apart that practically 
every one must have an individual trans¬ 
former. Most of the rural systems use 
purchased energy, and in most cases the 
cost of energy represents a very promi¬ 
nent item in the total annual charges. 
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This is in general an entirely different 
picture as compared to an urban distri¬ 
bution system. 

There are innumerable similar items 
of difference. But what has been said 
here will be sufficient to stimulate the 
electrical engineer to devote some time 
to this new specific branch of electrical 
engineering and convince the electric- 
equipment designer that different and 
new equipment is needed for this field. 
The market is now large enough to jus¬ 
tify these specific studies. For example 
the following are a few things that manu¬ 
facturers could devote time to develop¬ 
ing: smaller transformer with very low 
core loss; cheaper, but reliable lightning 
arresters, based on the fact that the short- 
circuit current on rural systems is prac¬ 
tically never over 1,000 amperes; cheaper 
meters, more rugged, even perhaps at the 
sacrifice of a bit of accuracy; simple, 
cheap, portable instruments to measure 
ground resistance, without bothering too 
much about extreme accuracies; insu¬ 
lators that will stay put on the pin and 
not give radio interference; portable test¬ 
ing instruments that are safe and simple 
to operate; a simple portable oil tester 
and filter; new voltage-regulating equip¬ 
ment will no doubt be needed, but the 
available data are as yet inadequate for 
definite functional specifications. 

There are hundreds of thousands of 
miles of rural circuits, single-phase, Vee 
and three-phase, 7,200 volts, all with 
grounded neutral. Single-phase circuits 
without any neutral at all are in existence 
here and there, the earth serving as the 
return path for the circuit. Each trans¬ 
former is connected from the phase wire 
to ground. If there should be a break in 
the grounding wire or wires any place be¬ 
tween the transformer and the ground, 
there would be practically full voltage 
across the break. This is indeed danger¬ 
ous. But we have not heard of any acci¬ 
dent resulting from this type of failure. 

A neutral conductor, which is assumed to 
be at ground potential, may be more 
dangerous than a 220-kv line, since ade¬ 
quate precautions always are taken when 
handling 220 kv. But we must know more 
about it, and the only way to find out is 
first to exhaust analytical methods, 
based on reasonable assumptions that are 
again based on experience, and then to do 
a lot of testing. There may be a voltage 
gradient on the surface of the soil from the 
pole out, and it will be necessary to es¬ 
tablish what that voltage gradient is, 
because 100 volts may kill a horse. I am 
not expressing any opinion for or against 
the use of such circuits; I merely want to 
emphasize the importance of ground test¬ 


ing on a large scale. Where there is a 
neutral conductor, it may carry only 30 
or 40 per cent of the amperes, the earth 
carrying the rest. And where there are 
amperes, there are volts, and here too 
the voltage gradient should be tested. I 
know of course that such tests need a 
voltmeter and not a ground meter, but, 
if everyone had enough ground meters to 
establish the ground resistance in ad¬ 
vance, the voltage gradients could almost 
be predetermined by computation. Be¬ 
sides, what are a few ohms of resistance in 
the life of a young lightning stroke that 
can jump across half a mile of space with 
the greatest of ease? Some tests will have 
to be carried on to determine ground in¬ 
ductance and capacitance. So you see 
how much engineering there is still to be 
done on the item of grounding alone be¬ 
fore we are ready to say from an engineer¬ 
ing viewpoint that we know the character¬ 
istics of a rural distribution circuit. This 
ought to be enough to satisfy those who 
think that * ‘rural electrification engineer¬ 
ing” is as old as Benjamin Franklin. 

For supplying electric energy to farms 
in the less sparsely populated territory, 
beyond the economy of line extensions, 
there will be needed small self-contained 
simple rugged generating units, each to 
supply one or several farmers. It may be 
possible that plowed-in underground 
cable can be used, or that some other new 
method can be developed for serving a 
group of farms located in an isolated area. 

Constant current primary with con¬ 
stant potential supply and constant po¬ 
tential load, as proposed by Percy H. 
Thomas and others, deserves serious con¬ 
sideration. Further study may prove its 
applicability to many conditions in rural 
areas, and, if it does, new equipment will 
have to be developed for the purpose. 
Conditions in the future will no doubt call 
for underground primary systems, and 
for these conditions a transformer will be 
needed which can be put right in the 
ground without any manholes or boxes. 
Such a transformer already has been 
tried out in Canada, but further develop¬ 
ment will be needed. 

During the two years from the middle 
of 1940 to the corresponding period of 
1942, joint development work has con¬ 
tinued between the Rural Electrification 
Administration and the Bell Telephone 
System to determine the practicability of 
providing telephone service to rural com¬ 
munities by carrier channels superim¬ 
posed on power distribution lines. Sub¬ 
stantial progress has been made in solv¬ 
ing a number of the technical problems 
encountered. Laboratory models have 
been made of apparatus which would be 


required at subscribers’ locations and tele¬ 
phone central offices to render this serv¬ 
ice. Preliminary models also have been 
made of the apparatus which must be 
added to the power line, not only at the 
points where the connections are made to 
the subscribers’ stations and the tele¬ 
phone central offices, but also at other 
points, in order to provide a satisfactory 
communication channel. 

Considerable work remains to develop 
the apparatus into good commercial form 
and to determine from a field trial the 
answers to the many operating problems 
which would be encountered in rendering 
a service of this type. The status of the 
work recently has been reviewed jointly 
by the Bell Telephone System and the 
Rural Electrification Administration, and 
a decision reached that the work should 
be suspended for the duration of the war. 
This helps to meet the present need for 
concentrating on the war all possible re¬ 
sources, including technical men, critical 
materials, and manufacturing effort. 

Problems of radio interference also 
occur in rural areas. A reasonably good 
locator has been developed by Rural 
Electrification Administration engineers 
in co-operation with a manufacturer. 
Several hundred such instruments are 
now being used with reasonably good re¬ 
sults, but improvements are needed. As 
telephone interference” was changed to 
telephone co-ordination” by co-operative 
efforts of utility engineers and telephone 
engineers, so should “radio interference” 
be changed into “radio co-ordination” 
by co-operative efforts of the engineers of 
the electric utilities, the broadcasting 
companies, and the radio manufacturers. 

So you see: The rural circuit is not 
just a pole, a guy, a little insulator, a 
little transformer, and a little fuse. It 
calls for the most painstaking engineer¬ 
ing analysis. And when I speak of en¬ 
gineering, I will repeat that anything not 
based on a solid foundation of physics and 
mathematics is.not engineering. 

We now come to electroagricultural 
engineering. When the statement was 
made that there was no electroagriculture, 
it was not meant that no one ever used 
electricity on the farm. And when it was 
said that there was no electroagricultural 
engineering, it did not mean that no engi¬ 
neer ever tried to apply engineering to the 
use of electricity for farming. Again, it 
was meant that as yet there is no specific 
branch of engineering that could be called 
electroagricultural engineering, and there 
was no specific industry that could be 
called electroagricultural industry. As 
a matter of fact, these things are so new 
that it is difficult to say now what the 
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subject of the first chapter of “Electro- 
agricultural Engineering" should be. 
Even this will have to be developed as we 
go along. No more will therefore be said 
here about the engineering possibilities, 
and the discussion will limit itself to the 
industrial possibilities. Here we know of 
some definite needs, and this is addressed 
primarily to progressive American manu¬ 
facturers who look ahead, find out what 
will be required, and proceed to build it 
and put it on the market. 

Electroagricultural engineering is 
closely associated with rural electrifica¬ 
tion engineering, because, for example, 
the grounding problem is probably more 
important in connection with the fire 
hazard'on the farm than in the city. A 
faulty ground may cause a fire, and, when 
a fire starts on the farm, the results are 
frequently disastrous. A simple cheap 
ground meter, suitable for the convenient 
use of every electrician, should be de¬ 
veloped. Incidentally, the study of 
lightning protection of farm buildings 
and perhaps the development of more 
competent equipment for this purpose 
likewise invite some activity on the part 
of the electrical manufacturers. 

While we are on the subject of hazards, 
we may as well consider the electric fence 
which is important in wartime, because 
less critical material may be used. The 
diversity of the types of control on the 
market is so great as to be bewildering, 
and many of the types are definitely 
hazardous. A committee of the National 
Electrical Safety Code has been engaged 
in the study of this subject, but, before 
quantity production is possible, some 
work by an AIEE committee and a 
National Electrical Manufacturers Asso¬ 
ciation committee will no doubt be in 
order. 

When large-scale rural electrification 
started, all efforts were concentrated on 
bringing into the farm the minimum 
amount of civilized comfort such as elec¬ 
tric lights, radio, a fiat iron, a water 
pump, a washing machine, perhaps a hot 
water heater, and here and there an elec¬ 
tric range. This was as it should have 
been. The activity should continue, and 
improvements should be introduced. 
Illuminating engineers should study the 
problem of lighting for the farm, the farm 
home, the farmyard, the barn, and so forth, 
and the specific requirements of the cir¬ 
cuit. This should possibly be made a 
project by the Illuminating Engineering 
Society. Lighting problems on the farm 
are different and call for different treat¬ 
ment. 

An important item of comfort to which 
manufacturers should devote their atten¬ 


tion is the development of a small, cheap, 
but very reliable water pump, in order to 
make it possible to bring running water 
into the poorest farm home. I consider 
this to be as important as the electric 
light. Public health authorities are unani¬ 
mous in their opinion that running 
water in every home would reduce sick¬ 
ness in the countryside. 

Recently there has come about a realiza¬ 
tion that every effort should be made to 
develop equipment to make it possible 
for the farmer who has electricity to use 
that electricity for real farming, to get 
more revenue out of his farm, to produce 
more or better food, to preserve food, and 
to make it unnecessary to let good food go 
to waste. This is real electroagricultural 
engineering. As was brought out in the 
paper previously referred to, some wonder¬ 
ful work has been done along this line by 
men of science in the colleges and in other 
laboratories, but it has not been possible 
as yet to make the result of their labor 
available to all the farmers in the coun¬ 
try, because there is as yet no specific 
industry which can manufacture the items 
as quantity production. There is already 
some evidence of the beginning of such an 
industry. What already has been done 
only helps to demonstrate what we may 
expect in the future when a real electro¬ 
agricultural industry is established, using 
quantity production methods for making 
low-cost but reliable equipment that the 
small farmer can use to get a little more 
revenue out of the electricity that he 
already has or will have. Most of the 
items already on the market are too ex¬ 
pensive for the small farmer. They are 
intended for the more prosperous farmer, 
and our main interest should be to make 
the small farmer more prosperous. 

At various times individuals have en¬ 
deavored to list the electric equipment 
and appliances suitable for both the farm 
and the farm home. Some of these lists 
exceed the 350 mark. State Agricultural 
Colleges, the United States Department 
of Agriculture, and others have been re¬ 
sponsible in large measure and have 
worked exceedingly hard for many years 
on the research and development of elec¬ 
tric applications. It must be said that 
very few of these have found their way to 
the farm in large numbers. It is most 
difficult to get one’s teeth into the real 
meat of these applications, for, although 
much work has been done, yet little 
specific information, either on statistics 
or accomplishments, has been assembled. 
At first thought this seems strange, be¬ 
cause so many of these can be catalogued 
as income-producing equipment which has 
been proved profitable to the owner. 


The year 1941 was an exceptional year 
in manufacturing and in the sale of all 
farm equipment, electric and nonelectric. 
It exceeded in volume any previous year, 
and the sales value of it was 36 per cent 
greater than 1940, and 34 per cent above 
the high mark set in 1937. Electric farm 
equipment sold for both the years 1941 
and 1940, and the increase in favor in 
1940 are shown in Table I. 

It will be noted that the electric equip¬ 
ment manufactured and sold in quantity 
is confined to a few items. Those items 
assembled and released by the Bureau of 
the Census include only milking machines, 
cream separators, milk coolers, domestic 
pumps, water systems, and brooders. It 
should be remembered that the figures 
shown are for years when the sales of 
these units were exceptionally high. Con¬ 
sidering this fact, it is obvious that 
with 2,337,160 farms electrified we still 
have a long way to go to reach saturation 
of this group alone. We will not reach it 
until we have a specialized industry with 
quantity production. Even on dairy 
farms where electricity can be used in so 
many ways it has been shown on an aver¬ 
age that only 10 per cent of the connected 
load is used for farming operations; the 
other 90 per cent is used for lighting, 
household appliances, and water pumping. 
The former figure is exceedingly low when 
we think of electric service as being used 
to increase farm production and income. 

An electric motor-driven cream sepa¬ 
rator will finish the job in half the time 
that hand work will. With the larger 
sizes of separator it is now a one-man 
instead of a two-man job. 

Records of 25,000 acres in the state of 
Oregon which were irrigated show a gross 
increase of $40 per acre over nonirrigated 
acres. Although irrigation is practiced in 
every state of the nation, yet today it is 
only in its infancy in the humid regions. 

Individual farmers report savings up to 
$100 per year by electric feed grinding, 
but here too we cannot as yet speak of 


Tabic I. Electric Farm Equipment Sold* 




Increase 

1941 

1940 

Num¬ 

ber 

Per 

Cent 

Milking ma¬ 
chines. 53,463.. 

Cream sepa¬ 
rators (hand 

. 33,930. . 

.19,533.. 

.57.6 

or power 
operated). . .138,785, . 
Milk coolers,.. 13,143.. 
Domestic 

.105,254. . 
. 9,134.. 

.33,531.. 
. 4,009. . 

.31.8 

.43.8 

pumps and 
water sys¬ 
tems.360,412. . 

Brooders.111,689. . 

.267,972. . 
. 91,340.. 

, .92,440. . 
.20,349. , 

. .34.5 
. .22.3 


* Source: Manufacture and Sale of Farm 
Equipment. Bureau of the Census, United States 
Department of Commerce. 
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general use of electric feed grinders on the 
farm. 

Numerous other activities could be 
quoted where electricity has been used 
successfully on the farm. But anyone 
who has had a chance to see the fine re¬ 
search work being done in the various col¬ 
leges will at once realize that the surface 
has not yet been scratched and that 
manufacturers will find a ready market 
for many items now in the development 
stage in the colleges, or in the minds, or 
the cellars of individual inventors. Until 
recently there was very little incentive 
for manufacturers to spend money on the 
development of new devices for the farm. 
Such new items are hard to sell and they 
are expensive to sell. Farmers are far 
apart from each other, and the very sales 
effort required for introducing a new item 
on the farm makes the cost of the article 
in many cases prohibitive. The REA co¬ 
operatives use a group-purchase system, 
and they can arrange with manufacturers 
to cover a quantity purchase by one agree¬ 
ment. Since November 1939 the Rural 
Electrification Administration co-opera¬ 
tives purchased most of their meters under 
the group-purchase plan, totalling about 
$4,750,000 to the satisfaction of both the 
consumers and manufacturers. While 
all the service transformers for new con¬ 
struction have been furnished by the con¬ 
tractor, the co-operatives used the group- 
purchase plan for securing close to 25,000 
transformers for extensions, totalling 
nearly $2,500,000. Quite a few other 
items have been handled successfully 
through the group-purchase plan, making 
it unnecessary for the manufacturers to 
try to sell a new item from house to house. 

It is important to realize that whatever 
is manufactured for the farmer must be 
low in price, rugged, and simple in opera¬ 
tion. Only quantity production can bring 
about such devices. 

It is gratifying to be able to report that 
there is quite a number of progressive 
American manufacturers who have been 
giving this matter their careful attention 
and have been spending considerable 
sums of money on development of many 
devices suitable for quantity production. 

One manufacturer developed a self-con¬ 
tained quick freezer and cold-storage unit 
having a capacity of 20 cubic feet, which 
means that it will hold about 1,000 pounds 
of meat, or 500 pounds of fruit or vege¬ 
tables. It is sufficiently small in dimen¬ 
sions to be accommodated on the back 
porch of the house, and it is estimated 
that on a quantity production basis it 
would cost less than $300. There is no 
question that there is an enormous market 
for such an item. 


Another manufacturer, to make it pos¬ 
sible for the farmer to grind his own whole¬ 
wheat flour and cereals, making it un¬ 
necessary to ship his wheat to the factory 
and then get it back again in the form of 
flour, developed a small kitchen-type 
flour mill weighing only 25 pounds and 
able to grind 20 to 40 pounds of flour per 
hour. The cost of this little mill based on 
quantity production will not exceed 
$25, and it is hoped that eventually it will 
have an attachment so that the standard 
makes of mixer attachments in the kitchen 
can be attached to the mill, thus eliminat¬ 
ing the necessity of buying a mixer. But 
this idea, along with the freezer, had to be 
put to sleep temporarily on account of the 
war. 

Dehydration is another very important 
item. We know, of course, that there is a 
great deal of ’commercial dehydration 
going on in this country and that dehy¬ 
dration made it possible to send enormous 
quantities of food abroad which .other¬ 
wise could not have been sent. But two 
problems on the farm are as yet unsolved. 

1* Everyone who has traveled through the 
country knows that enormous quantities of 
apples, peaches, and some vegetables go to 
waste, because the farmer cannot afford to 
harvest them. 

2. It should be made possible for the farmer 
to dehydrate such fruits and vegetables for 
his own use. 

A small kitchen type dehydrator would 
solve these problems. One progressive 
manufacturer developed a small dehy¬ 
drator weighing less than 100 pounds and 
being 28 by 20 by 23 inches in dimensions. 
This little dehydrator does not call for 
special wiring, because the consumption 
is so low that it can be attached to the 
house circuit. It can produce in 12 hours 
four pounds of dehydrated apples from 25 
pounds of apples, and consumes only 2.4 
kilowatt-hours per pound of dehydrated 
apples. This item is likewise kept in 
abeyance because of the war. 

_ These are outstanding examples of the 
difference between homemade equipment 
and manufactured equipment. Numer¬ 
ous types of dehydrators have been de¬ 
signed by various schools, and the designs 
have been sent to the fanners with the 
advice that they produce those dehy¬ 
drators themselves. It is not necessary 
to. dwell upon the fact that during this 
critical wartime man power on the farm . 
is now very scarce and that the farmer 
has no time to devote to the production 
of mechanical equipment, but even in 
peacetime very few farmers would be in¬ 
terested in producing such a device if a 
better commercial product were available 
at a reasonable price. Besides, all of the 


designs for homemade equipment show 
electricity consumption much greater 
than that of the one proposed by the 
manufacturer. Some of the homemade 
dehydrators require as much as 5 kilo¬ 
watt-hours per pound of dried apples as 
against the 2.4 kilowatt-hours that the 
manufactured equipment would require. 
There is no question that there is a market 
for hundreds of thousands of such small 
dehydrators if produced in quantity, of 
high quality, and at a low price. The esti¬ 
mated price of this particular dehydrator 
is about $36, based on a quantity of 5,000. 
But other manufacturers likewise are 
working on the development of a small 
dehydrator, and no doubt when the 
market opens up the price will be lower. 

The matter of chicken brooders is 
something for manufacturers as well as for 
an AIEE committee to study. Here too 
the number of designs is so great as to be 
bewildering and make it difficult for a 
farmer to select the type of brooder he 
should buy, to say .nothing of making one 
himself. It should be possible now to 
crystallize a small number of standard de¬ 
signs that will meet all the requirements 
of the various agricultural schools and 
individual farmers and prepare some 
definite specifications under the auspices 
of the American Standards Association. 
This and only this will make it possible 
for reputable manufacturers to go into 
quantity production of brooders and for 
the farmers to get the best brooders for 
the lowest price. 

Some studies have been made on soil 
treatment by application of electricity, 
and there is a beginning of promising re¬ 
sults. In one case, for instance, electric 
soil treatment eliminated entirely the 
wild morning glory (bindweed). In 
another instance a better quality flax was 
produced after the soil was treated with 
an electric process. This, too, should be 
studied by manufacturers with a view 
toward producing eventually standard¬ 
ized equipment for electric soil treatment. 
Experiments have been carried on to use 
electric light for the control of the Euro- 
pean com borer. You know, of course, 
what a pest the corn borer has been. I 
have been told that in some parts of the 
com belt farmers have stopped raising 
sweet com solely on account of the corn 
borer. These experiments likewise had 
to stop, because the one who was out¬ 
standing in this work is now in the Army, 
but the work should be picked up again, 
and standard equipment should be de¬ 
veloped that could be sold to every farmer 
who raises corn. 

Some research men have been working 
on the development of a small pasteurizer 
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Transmission-Line and System Problems 
in Supplying Large Electric-Arc Furnaces 
During Wartime 


B. M. JONES 

FELLOW AI EE 


E LECTRIC-ARC furnaces are con¬ 
tributing materially to the war effort, 
and a great number of them, small, me¬ 
dium, and large, have been installed re¬ 
cently, and more are being installed all 
over the country. These furnaces inher¬ 
ently produce a violently fluctuating load 
with widely different values in the several 
phases during the early part of the heat, 
referred to in the trade as “the meltdown 
period," and the electric lines and systems 
to handle such loads must be carefully 
designed and installed so as to prevent 
such swinging loads from affecting ad¬ 
versely the system and other critical 
loads, particularly the lighting, and at the 
same time to provide sufficient capacity 
and voltage for satisfactory furnace opera¬ 
tion. Also, such lines must be so arranged 
and connected into the system that the 
minimum of copper will be utilized—most 
important now. 

This article will discuss some of the 
basic data necessary to have at hand in 
the solution of the problem of connecting 
such loads to an electric transmission 
system, together with the actual solutions 
brought about by the installation of 20 
furnaces, medium and large, in ten plants 
of the Duquesne Light Company system. 
Briefly, there are five major problems 


Paper 43-29, recommended by the AIEE committee 
on power transmission and distribution for pres¬ 
entation at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943. Manu- 
scnpt submitted November 27, 1942; made avail¬ 
able for printing December 21, 1942. 

B. M. Jonhs is division planning engineer, systems 

^ devel °P ment department, Duquesne 
Light Company, Pittsburgh, Pa. 


involved, and the last is the most im- 
portant in time of war: 

1. To provide adequate line and/or step- 
down transformer capacity to carry the 
heating load that the furnace imposes 
thereon. 

2. Similarly, to provide adequate line ca¬ 
pacity to handle the violent one- and three- 
phase load swings and deliver usable volt¬ 
age. 

3. To connect such line extensions into the 
system at a suitable location to avoid: 

(a) subjecting other customers to objec¬ 
tionable flicker, and (&) causing objection¬ 
able operation of various equipment on 
the system, such as induction-feeder voltage 
regulators, governing equipment, tie-line 
controls, rotating equipment, and so forth. 
(In time of war, such limitations have been 
stretched of necessity and in some instances 
waived entirely.) 

4. To reinforce the system and/or lines as 
required. 

5. To use the absolute minimum of copper 
and other critical materials. 


Nature of Furnace Loads 

.The load of a three-phase electric-arc 
furnace is of a violently fluctuating na¬ 
ture, as is shown in Figure 2, which is the 
oscillographic record of the amperes in 
each of the three phases of the 5,000-kva 
furnace transformer listed as item 7 in 
Table I. The section at the left was taken 
during the early meltdown period and, 
as can be seen, the arc strikes and goes 
out repeatedly with only a few cycles in¬ 
termission, and this continues for an ap¬ 


preciable length of time, 20 to 30 min¬ 
utes or more. The middle section was 
taken after the furnace had been in opera¬ 
tion for a while and was approaching the 
end of the meltdown period. Note that 
the arc does not go out so often nor remain 
out so long, although in this oscillogram 
the middle phase does fluctuate quite 
widely. The section at the right was 
taken during the refining period and is ap¬ 
proximately a balanced load, and during 
this time the arc does not go out. 

There is no system problem in carrying 
the load during the refining period, but 
there is a very real problem in providing 
facilities to carry loads of this nature with 
reasonable expenditures and with mini¬ 
mum use of critical materials. 

Figure 3 shows the frequency of instan¬ 
taneous three-phase reactive megavolt- 
ampere swings for various-size fur¬ 
naces, and in several tests made it has 
been disclosed that the highest swing 
occurs only once in a six-hour heat, and 
that the next ten high swings are less 
than 80 per cent of this one value. This 
case was on a 10,000-kva furnace trans¬ 
former, and we have data on larger 
units which approximately bear this 
out. lhe objectionable zones of voltage 
flicker previously referred to are more 
likely to be in the latter range than for 
the one or two infrequent higher swings. 

A study of Figure 3 will show the steep¬ 
ness (jf the curve for the infrequent 
swings, and the lower swings, or more in¬ 
frequent ones, will probably not require 
so stiff a system and hence probably will 
require less material. We doubt the ad¬ 
visability of tooling up for the one or two 
maximum swings during a heat of even 
one or two hours, let alone for the one 
large swing occurring in a six-hour heat 
during wartime. 

The larger swings produced by several 
furnaces in simultaneous operation in one 
plant occur very infrequently-—in fact 
our investigation discloses that they are 
of less frequent occurrence than the one 
high swing of one furnace operating alone. 


for the small farm that could be had at 
low cost, and the prospects are very prom¬ 
ising. This work should have the atten¬ 
tion of electrical manufacturers. It 
should be made possible for the small 
farmer to pasteurize his milk and sell it in 
the community. 

The possibility of a storage-battery- 
driven electric tractor has not yet been ex¬ 
hausted. Some experiments were made 
prior to the depression but were dropped. 
It is difficult to predict whether or not 
such a tractor would be a success. It is 
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possible that if the cost of energy for 
charging the batteries at night is very low 
a market would be opened for small 
tractors to be used by hundreds of thou¬ 
sands of small fanners. 
b There is a decided need for simplifica¬ 
tion of motor starters for medium-sized 
motors for farm use and also for a reduc¬ 
tion in the price of the starters. 

When the war is over a great deal will 
be known about high frequencies that is 
not known now, and it is possible that 
high frequencies ranging from audio fre- 

Jones Supplying Electric-Arc Furnaces 


quencies to ultrahigh frequencies may 
have a great many applications on the 
farm. It may be possible to apply high 
frequency for soil treatment, and super¬ 
sonic waves may possibly be applicable 
for extermination of pests. This subject 
calls for much more study by electrical 
engineers. 


Reference 


Hi' ‘nL S h mU fn 8 io EL15CTItICAI ' Enoiniskhing, volume 
61. October 1942, papes 617-20. 
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Table I. 


Transmission Supply Lines, Short-Circuit and V Itage Flicker for 20 Furnaces From 1,500 to 15,000 Kva in Ten Plants in Duquesne 

Light Company System 


Furnace Transformer Data 


At Customer’s Substation 


Volts Regulation on 115-Volt Base 
and Based on Instantaneously 
Established Single-Phase Swing 


Item 

No. 


Largesi 
Trans- 
Quan- former 
tity (Kva) 


Supple¬ 

mental 

React¬ 

ance 

Used 


At Incoming Bus 


Supply-Line Data 


Voltage 

(Kv) 


From Network 
or Separate Line 


- Three-Phase 

Figure Short-Circuit 

No. (Kva) 


Reactance in Ohms 


Three- 

Phase 


Single- 

Phase 


At High- 

- Voltage Fur- - 

nace Bus 

- (Reactance 
in Ohms— 


At Customer’s 
Substation 


At In- 

_ coming 

Single-Phase) Bus 


At Furnace At Nearest 
High- Critical 

Voltage Station 

Bus Bus 


I 

:> 

15,000. . 

. . No . . 

. ..68 

2 

2 

.10,000. . 

. .. Yes... 

. . .68 

3 

A .. . 

. 10,000. . 

. . . No ... 

...68 

4 

A . . 

. 7,500. . 

. ..Yes... 

...23 

fi 

.1. . . 

. 7,500.. 

. ..Yes... 

...23 

»; 

2 

. 0,000. . 

. . .Yes... 

...68 

7 

1 . . 

. 5,000. . 

. ..Yes... 

.. .23 

8 

2 

. 4,000. . 

. . .Yes... 

...23 

9. . 

. . 1 . 

. 3,000. . 

. . . Yes. .. 

...23 

10.. 

. .3 . 

3,000. . , 

. . . Yes . 

. .11.5, 


. . Network 
. . Network 
. . Separate** 
.. Networkf 
. . Separate 
. .Separate 
. . Network! 

. .Separate 
. . Network 
, . Separate 
(see text) 


..6 -A . 
. .6-5 . 
..6-5 . 
..5-5 . 
. .None. 

. - 6 -C . 
,.5-C . 

. .5-5 . 
..5-A . 
...A -A . 


.1,179,000.. . . 
749,000. . . 
304,000.. . 
439,000.. . 
132,000.. . 
330,000.. . 
251,000.. . 
103,000.. . 
319,500... 
364,000... . 


3.925.. . 

. 7.85 

_24.72*.. 

...1.53... 

. 4.80. 

.... 1 37 

6.18 ... 

.12.36 . 

....37.02*.. 

.. 2 . 00 .., 

. 5.98. 

.... 0 98 

15.22 .. . 

.30.44 . 

_46.64*.. 

. .4.92... 

. 7.55. 

1 ^3 

1.205.. . 

. 2.41 . 

- 2.41 .. 

. .2.99... 

- 2.99. 

.... 1 97 

4.01 . . . 

. 8.02 . 

- 8.02 .. 

. .9.94... 

. 9.94 

p 7 r. 

14.02 .. . 

.28.04 . 

....83.6* .. 

. .3.52... 

.10.50.. 

....1.78 

2.11 ... 

. 4.22 . 

.... 4.22 .. 

..4.12. . . 

, 4.12.. 

.,..3.74 

5.12 .. . 

.10.24 . 

. ... 10.24 .. 

..8.70... 

. 8.70. . 

.... 1.70 

1.656.... 

. 3.31 

- 3.31 .. 

..2.34.. . 

• 2.34., 

....1.87 

0.363_ 

. 0.726. 

- 0.726.. 

.. 2 . 02 . . . 

. 2 . 02 .. 

....1.48 


* Includes intermediate transformation hetween incoming supply lines and the high-voltage furnace bus. ~ 

f A separate isolated 22-kv line can be made available by the ooeninjr nf a , ... 

furnace loads are swinging. ly contr olIed oil circuit breaker at the customer's plant if necessary when the 

** A se P arate Iine or lines required for line loading and not for furnace load fluctuation. 

Pure reactive used for overhead lines and 80 per cent of impedance for caMp* a n 

peaance cables. All jobs are overhead lines, except item 10 which is all cable. 


In specific tests on an installation of four 
10,000-kva furnaces in the same plant, 
the increase of the maximum swings of 
two furnaces when operating simultane¬ 
ously melting down over one alone was 
about 20 to 25 per cent. Similarly for 
the three similar furnaces over two, the 
increase was seven to ten per cent addi¬ 
tional. 

These records of Figure 3 were obtained 
from high-speed graphic meter charts 
at three inches or six inches per minute, 
and it is recognized that there is some 
error in these charts, because of the fact 
that the swings take place so rapidly the 
instrument cannot follow them accu¬ 
rately. The oscillograph is the proper 



measuring device to use to obtain such 
records , but it is believed that these curves 
are indicative of the general relation. 

It is also recognized that the lamp 
flicker, the source of complaints, is the re- 
suit of smgle-phase swings, but the single¬ 
phase data were not available. However 
it is believed that the three-phase data 
will be indicative of the general relation 
between single-phase swings of different- 
size furnaces. 

The swings are affected very materially 
by type of scrap and by how the furnace 
is operated. For instance, recently we 
have tested a large furnace which was 
charged with light scrap loosely packed 
m, with the resultant swing being about 


Fisure 1 (Ieft). A typical 
large modern three-phase elec¬ 
tric furnace “pouring” 

Figure 2 (below). Oscillo¬ 
grams of the three-phase cur¬ 
rents of 5,000-kva furnace dur¬ 
ing early meltdown, later in the 
meltdown, and during refining 
Note the different degree of 
stability of the arc 


half or two thirds of those on similar 
furnaces when charged with heavy scrap 
carefully packed in. Also, the amount of 
supplemental reactance (the tap connec¬ 
tion of the reactor) in use in the furnace 
transformer has a very material 
bearing on the magnitude of the swings. 
Therefore, caution is urged in attempting 
to use these curves as a criterion of fur¬ 
nace performance, but they will be help¬ 
ful as a guide. 

The number and sizes of furnaces and 
the conditions of the tests for the curves 
are given below: 

Curve A. Four 25-ton 10,000-kva furnaces 
36 " inch Ebbing mill supplied by a 
37,500-kva 66/11-kv bank, in normal opera¬ 
tion. Details are not available. The mill 
load is relatively steady and has a small ef- 
iect on the shape of this curve. New fur¬ 
naces of this size would probably have a 
normal rating of 35 tons. Data for curves 

i 1- E ’ F were taken on same instal¬ 
lation. Curve A was plotted from 3 7* 
hours high-speed meter record over several 
days in July 1942 and measured at the 66-kv 
bus at the power station. The customer is 
supplied by a 4/0 66-kv line 14 miles long. 
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Curve B. One 25-ton 10,000-kva furnace 
supplied by a 37,500-kva 66/11-kv bank. 
This is an estimated curve at ten per cent 
above curve D. 

Curve C . One 50-ton 12,000-kva furnace 
supplied at 24 kv by means of a 4/0 line 
one-half mile long from a very large step- 
down bank. Curve plotted from five hours 
ten minutes high-speed meter record for a 
full heat in January 1940. Heavy scrap 
used. 

Curve D. One 25-ton 10,000-kva furnace 
supplied by a 9,375-kva 66/11-kv bank. 
Curve plotted from high-speed charts cover¬ 
ing a six-hour run for one full heat in April 
1940. Heavy scrap used. 

Curve E. Two 25-ton 10,000-kva furnaces, 
each supplied by one 9,375-kva 66/11-kv 
bank. Curve plotted from a six-hour high¬ 
speed . meter record in September 1940, 
with simultaneous melting down of the two 
furnaces for l 3 / 4 hours of this time. Heavy 
scrap used. 

Curve F. Four 25-ton 10,000-kva furnaces 
supplied by a 37,500-kva 66/11-kv bank 
with three furnaces melting down simul¬ 
taneously and one refining. Curve plotted 
from 40 minute high-speed meter record in 
September 1941. Other spot tests show in¬ 
frequent swings higher than these, even 
higher than for two furnaces, curve E. 
Low values—much higher expected. 

Curve G. One 15-ton 7,500-kva furnace sup¬ 
plied by a two-mile 4/0 22-kv line which in 
turn is supplied from a 60,000-tva 66/22-kv 
bank. Curve plotted from two hours 15 
minutes high-speed meter record of the 
early part of a heat in April 1942. Light 
scrap and restricted operation. 

Curve H. Two 7.5-ton 6,000-kva furnaces 
supplied by one 9,375-kva 66/11-kv bank. 
Curve plotted from six hours 50 minutes 
high-speed meter record in August 1942. 
Light scrap and reduced operation. 

Voltage Fluctuation Limits of 
Duquesne Light Company 

We have peacetime voltage-fluctuation 
limits of 1.5 and 2.0 volts on the 22-kv 
and 66-kv systems respectively for fluc¬ 
tuating loads of arc-furnace character¬ 
istics, which we used prior to the war as 
a guide in connecting furnace loads, but 
these limits have been waived of course 
since the war started. The voltage flicker 
limits are more severe for the 66-kv sys¬ 
tem in certain zones of frequency of occur¬ 
rence than for other parts of the system, 
for the reason that the cost to provide 
corrective measures would be greater 
than on other parts of the system. Of 
course, the same perceptible and objec¬ 
tionable zone will exist, but more con¬ 
sumers would be exposed to the voltage 
flicker, and hence presumably more com¬ 
plaints would result. 

By adhering to these limits before the 
war, we encountered very little objection 
to voltage flicker from consumers, and the 
few have been mainly the result of welder 
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Figure 3. Frequency of instantaneous three- 
phase reactive-megavolt-ampere swings for 
various size furnaces, individually and in 
groups 

>6 = 4-10,000 leva and mill 
= 1-10,000 kva 
C= 1-12,000 kva 
D —1-10,000 kva 
E— 2-10,000 kva 
F= 4-10,000 kva 
<3 = 1- 7,500 kva 
H— 2- 6,000 kva 

installations which were greatly exceed¬ 
ing these limits, rather than furnace 
installations. In many cases we now per¬ 
mit fluctuations considerably in excess 
of these values, even though we realize 
that they are definitely perceptible and, 
in certain cases, may become objection¬ 
able. 

To some, these limits may appear to be 
rather severe, but our successful experi¬ 
ence in applying them, we believe, justi¬ 
fies their retention after the war. We of 
course exercise judgment based upon 
experience and stretch these limits in 
certain cases, even in peacetime. We 
were considering revising these limits 
to be more lenient, even before the war, 
and our experience during wartime will be 
of considerable use to us in the next re¬ 
vision. 

The matter of perception of and objec¬ 
tion to voltage flicker is not, in my opin¬ 
ion, subject to exact scientific deter¬ 
mination. Much research work has been 
done on this, and while some consumers 
will object strenuously to voltage flicker, 
others would not even be conscious of the 
same flicker. Some of the best work 
done on this is covered in a pamphlet 
entitled “The Visual Perception and 
Tolerance of Flicker,” a report of the 
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subcommittee for project 10, Utilities 
Co-ordinated Research, Inc., 1937, which, 
I believe, is available at a reasonable 
price. 

System Regulation 

The voltage flicker at the nearest ad¬ 
jacent substation is generally not the 
governing factor, for this nearest station 
may be an industrial consumer where 
considerable flicker can be permitted 
without encountering objections, whereas 
a distribution substation supplying light¬ 
ing may be farther away (electrically) 
from the furnace than the industrial 
substation, and yet objectionable flicker 
may be rendered to the lighting consum¬ 
ers. However, the industrial consumer's 
substation may be the governing factor, 
for there may be critical drafting-room 
lighting requirements or fluorescent light¬ 
ing iii certain processes, or other manu¬ 
facturing requirements. 

The instantaneous swings lasting less 
than a second (of cycles duration or less) 
occur more frequently than swings lasting 
several seconds, the latter reaching the 
maximum value in several steps, each of 
which is generally smaller than the maxi¬ 
mum swings lasting less than a second. 
The swings of the shorter duration being 
more frequent are the final criterion in¬ 
sofar as flicker is concerned, but there is, 
of course, more total regulation for the 
swings lasting several seconds, because 
they reach a higher value. 

However, our experience has been, and 
that of some other power companies bears 
this out, that the regulation problems of 
loads lasting several seconds is not of any 
serious concern, for if you tool up for 
the instantaneous swings, the condition 
occurring less frequently causes no com¬ 
plaint. 

11", 22-, and 66-Kv Line 
Connections for Electric-Arc 
Furnaces From 1,500 Kva to 
15,000 Kva 

Table I shows data on the transmission 
supply lines, short-circuit kilovolt-am¬ 
peres, and voltage flicker or regulation for 
20 furnaces from 1,500 kva to 15,000 kva 
in ten plants on the Duquesne Light 
Company system, and there is also in¬ 
cluded the impedance in ohms, both one- 
phase and three-phase, at apropos loca¬ 
tions. 

In three instances, the peacetime limi¬ 
tations are or will be exceeded, and from 
none of these are complaints being en¬ 
countered, nor are any expected. Also, it 
is believed that no serious complaints 
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flickers considerably in excess of those 
shown. Further, it is felt that values 
appreciably in excess of those shown 
would not interfere with war production. 

Item 7 in Table I will be much less 
severe when isolated .temporarily as de¬ 
scribed in the note beneath the table. 

11-Kv Line Connections for 3,000- 
Kva Electric-Arc Furnaces 

Figure 4 shows two methods of 11-kv 
line connections for three 3,000-kva fur¬ 
naces, and the data for sketch A of this 
figure are given in Table’ I as item 10. 
The two lines of 500,000-circular-mil 
cable, 1.5 miles long, feeding this furnace 
substation, connect to separate busses 
at the power station which are supplied 
through reactors from the main generat¬ 
ing source, and the feeder bus also sup¬ 
plies other distribution substations as 
indicated by the short lines with arrows. 
The voltage flicker of 1.48 volts at one 
of these two substations is the limiting 
point and is less at the 11-kv feeder bus 
in the power station, that is, 0.44 volt. 

The wartime cable rearrangement in¬ 
volved a very small amount of copper. 

The corresponding voltage regulation 
at the power-station feeder bus for sketch 
B of this figure is 0.44 volt and is 1.72 
volts at the nearest industrial consumer. 

At the time of preparing this paper, one 
furnace only is in service. 

22-Kv Line Connections for 1,500- 
Kva to 7,500-Kva Electric-Arc 
Furnaces 

The larger number of our furnaces are 
connected to the 22-kv transmission net¬ 
work by the lines in that vicinity rather 
than by an exclusive line from a major 
transmission stepdown substation. Some 
of them, however, are connected to a 
separate exclusive line, items 5 and 8 
in Table I being in this category. 

. Fl ^ ure 5 shows several recent installa¬ 
tions. Diagram A of this figure covers 
the supply to a 3,000-kva furnace and is 


item 9 in Table I, and the voltage drop at 
the nearest critical substation bus is 
1.87 volts. It will be noted that there is 
another line normally dpen to this con¬ 
sumer, and, when one is operating on this 
second line with the first open, the volt¬ 
age drop at the nearest critical substation 
bus will be somewhat greater. The 22- 
kv lines are 4/0, and the wartime line re¬ 
arrangements and the waiving of peace¬ 
time flicker limits resulted in installing 
only 800 feet of 4/0 line. 

Diagram B of Figure 5 covers the sup¬ 
ply to one 7,500-kva furnace now in 
service and another one authorized and 
is item 4 in Table I. The drop at the 
nearest critical substation is 1.97 volts. 
There are other substation busses getting 
larger voltage drops than this, but they 
are industrial consumers supplied at 22 
kv and are not so critical. The exclusive 
line is 4/0 and is two miles long. Careful 
study developed a scheme of handling 
this furnace load, without any line copper 
being used, by rearranging the consumer's 
22-kv bus in order to isolate the direct 
line at times of meltdown. 

Diagram C of Figure 5 covers the sup¬ 
ply to a 5,000-kva furnace which has been 
m service for a number of years and which 
creates much wider fluctuations than 
other furnaces of this size and larger. 
This is item 7 in Table I. The voltage 
drop on the basis of normal single-phase 
swings expected from such a size trans¬ 
former at the nearest critical substation 
bus is 3.74 volts, and at the 22-kv bus of 
the nearest major-ring stepdown sub¬ 
station is 2.17 volts. With the abnormal 
swings that this furnace transformer 
produces at times because of its unusual 
impedance characteristics, these values 
are exceeded, and certain remedial steps 
were taken shortly after this furnace was 
installed. These remedial measures con¬ 
sisted of changing the adjustment in volt¬ 
age-regulator relays on the induction 
feeder regulators in the nearby substa¬ 
tions to permit the higher short-time volt- 


Figure 5. Twenty-two-kilovolt fine connec¬ 
tions for electric-arc furnaces of 1,500 kva to 
7,500 kva 

Sixty-six-kilovolt transmission system with 
624,000-kw generating capacity 

age swings to filter through the relay with¬ 
out causing the regulator to operate, and 
placing a little time delay in the initiating 
devices of these induction feeder regu¬ 
lators ; also, certain 22-kv line rearrange¬ 
ments were made in this vicinity at that 
time, and remote control facilities were 
added to the incoming line breakers at this' 
substation, so that one of them could be 
opened and the furnace operated on a 
direct 4/0 line approximately three miles 
long from the stepdown transmission sub¬ 
station. These remedial measures have 
eliminated completely the complaints 
that we received in copious quantities 
when this furnace was first placed in 
service. Actually, the consumer is now 
operating radially on one direct line from 
the major stepdown transmission sub¬ 
station during the meltdown periods. 

Diagram D of Figure 5 covers the sup¬ 
ply to an old 1,500-kva furnace and a new 
4,000-kva furnace. The latter furnace 
required a separate radial line. The final 
line arrangement in the district is shown. 
Pertinent electrical data are covered in 
item 8, Table I. The old furnace and 
the mill load were supplied by the 22-kv 
network in that vicinity, and the old 
furnace did cause an undesirable but not 
intolerable voltage condition. For this 
reason it was reconnected on the new 
radial line together with the new 4,000- 
kva furnace. With the furnaces supplied 
by an exclusive line (1/0 copper and 
six miles long), the voltage drop at the 
nearest critical substation bus is 1.76 
volts. A bus tie switch is installed be¬ 
tween the furnace bus and the bus which is 
supplied from the network. This was 
done in order to permit the furnaces to be 
operated at reduced voltage in case the 
radial line is out of service for an extended 
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A. Sixty-six-kilovolt transmission system with 
624,000-kw generating capacity 
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B. Sixty-six-kilovolt transmission system with 
624,000-kw generating capacity 

Figure 6. Sixty-six-kilovolt line connections 
for electric-arc furnaces of 6,000 kva to 15,000 
kva 


period. If normal furnace voltages are 
used under this condition, the voltage 
fluctuation at the nearest critical bus in 
the network is intolerable. 

A new exclusive furnace line would have 
required a large amount of critical mate¬ 
rials. By consolidating loads in two dis¬ 
tricts into one district, a 22-kv line was 
released and extended for service to the 
furnaces. Actually, 53,000 pounds of 
copper were saved by the rearrangements 
as compared with a new exclusive line. 

66-Kv Line Connections for 6,000- 
Kva to 15,000-Kva Electric-Arc 
Furnaces 

The 66-kv method of supply is used for 
four plants, one of them having the larg¬ 
est furnaces on our system. Figure 6 
shows these connections. 

Diagram A covers the supply for three 
large furnaces—two 15,000-kva and one 
12,000-kva. This is item 1 in Table I. 
One furnace is in service now, and the 
others are expected to be in service dur¬ 
ing the winter of 1942-43. This is an 
interesting connection, for the mill where 
the furnaces are located is supplied at 66 
kv from a power-company substation ap¬ 
proximately 1.0 mile away. A consider¬ 


able portion of other load of this same 
consumer is supplied from the power-com¬ 
pany bus and from the 66-kv furnace bus 
in the mill where the furnaces are located, 
all as shown in this diagram. As a matter 
of interest there are 60-cycle generators 
proposed for connection to the con¬ 
sumer's 66-kv lines in one of his mills, 
and we will operate in parallel with these 
generators which are scheduled for service 
sometime in 1943. The two power com¬ 
pany 4/0 66-kv lines 0.5 mile in length 
were installed four years ago for mill 
load only then, and today for furnaces 
alone we would supply one line. The 
voltage drop at the nearest critical sub¬ 
station is estimated to be 1.37 volts. 

Diagram B covers the supply for two 
10,000-kva furnaces which are expected 
to be in service early in 1943. This is 
item 2 in Table I. The “other load 1 ' 
shown in this diagram is a very small 
part of the load and is merely for hand- 
ling facilities and shop lighting, and this 
is purely an electric-furnace plant for 
producing steel ingots and will in no 
way fabricate or process them. This 
was a fortunate location as the 1/0 line 
extension from the main 66-kv trans¬ 
mission will be only approximately 1.5 
miles. The voltage drop at the nearest 
critical substation is estimated to be 
0.98 volt. 

Diagram C covers the supply for two 
6,000-kva furnaces. One of these was 
in service in 1941, and the other early 
in 1942. This is item 6 in Table I. This 
location was not so fortunate since it re¬ 
quired 4.0 miles of 4/0 66-kv line added 
to 4.0 miles of existing 4/0 line from the 
transmission substation bus to reach 
this. The voltage drop at the nearest 
critical substation is 1.78 volts. 

Diagram D is an interesting installa¬ 
tion and supplies four 10,000-kva fur¬ 
naces over a 4/0 line about 14 miles long. 
This is item 3 in Table I. This furnace 
load began with one 10,000-kva furnace * 
connected at the point marked “cut" and 
supplied from the transmission network 
in this vicinity by a nine-mile line exten¬ 
sion. Within five months a second furnace 
was installed and was carried without any 
line reinforcing. Then, about a year 
later two more 10,000-kva furnaces were 
installed, and this necessitated cutting 
the line, at the point shown in diagram 
D, from the network and extending it 
back to a stiffer source, which is now a 
generating-station bus but which at that 
time was at a point on the 66-kv trans¬ 
mission. The voltage drop at the power 
station 66-kv bus for the present connec¬ 
tion is 1.23 volts. At the time of the 
initial installation the voltage drop at 


the nearest substation was higher, but no 
complaints were received. 

Kilowatt Demand and 
Kilowatt-Hours 

Table II gives these data for various 
sizes of furnaces, which data are incom¬ 
plete, for in some cases the kilowatts and 
kilowatt-hours are totaled along with 
other mill load, and the remainder are on 
other systems, and only partial data are 
available to the writer. Experience and 
skill, together with other factors listed 
below, will affect the electrical perform¬ 
ance very materially, as well as the ton¬ 
nage output. 

Production of steel by electric melting, 
and the electrical requirements—kilowatts, 
kilowatt-hours, and load swings—are 


Tabic II. Furnace Size, Kilowatt Demand- and 
Kilowatt-Hours Per Ton 


Partial List for Representative Sizes 




Trans- 

Kilowatt- 

Kilowatt 



former 

Hours 

Demand 

Item 

Furnace 

Rating— 

Per Net 

15- 

Size Net 

40 C 

Short 

Minute 

No. in 

Short 

(Kilovolt- 

Ton Pro- 

Inte- 

Table I 

Tons 

Amperes) 

duced 

gration 



.. 1,500. . 


. .1,350 

10*. . 

... 3.0. 

.. 2,500. . 


. .2,300 

9*. . 

....6.0. 

.. 3,000. . 

827 

. .2,200 

8*. . 


c 

c 

c 

Tfl 


3,630 

6 *.; 

..10.0. 


..795... 


..10.0. 

.. 6,000. . 

..604... 

, .6,240 

4 . . 

.. 7.5. 

.. 7,500. . 

..608... 

. .7,500 


..10 . 


. .723.... 


3 ’!! 

. .25 . 

. .10,000. , 

..580.... 

.8,400 


..25 . 


. .569. 


. .30 . 


. .601_ 



. .35 . 


. .585. 



. .35 . 


569 



. .50 . 

. .12,000. . . 

..523 . ... 



..60 . 


..556..,, 



* Foundries. All data not available—see text. 


governed by many variable factors, some 
of which are subject to some degree of con¬ 
trol ; among these important factors are 
the following: 

1. Type and size of scrap. 

2. How charged—“packed in/’ and so 
forth. 

3. Quality of finished production—mild 
steel, alloy, high grade alloy, and so forth. 

4. Skill of furnace crew, particularly that 
of the turn foreman and melting superin¬ 
tendent. 

5. Proper size of transformer. 

6. Use of proper transformer taps and con¬ 
trol adjustment. 

7. Design of entire electric installation- 
furnace, transformer, wiring, and control, 
the latter contributing very largely to the 
success of larger arc furnaces. 

8. Charging equipment and general layout. 
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The nominal tonnage rating of an elec- 
txic-arc furnace used herein does not 
indicate necessarily the actual produc¬ 
tion capacity, for, as previously explained 
many variable factors affect the produc¬ 
tion, and this is merely a nominal rating 
for identification purposes, and actually 
the tonnage produced may be more. 
Usually, with the larger furnaces for steel 
making, the nominal tonnage rating, so- 
called, indicates the holding capacity of 
the furnace in net tons, whereas with some 
of the smaller furnaces in foundries the 
rating is the net ton produced per hour. 
One large manufacturer has within the 
last few years ceased to give his furnaces 
a rating and now identifies them bv a type 
number. 

The experience of a considerable num¬ 
ber of plants using electric furnaces over 
a number of years has disclosed that in 
some installations the furnace trans¬ 
former was replaced with a larger trans¬ 
former, since we had had several such 
cases on our system—some within the 
last year. This comes about for such 
reasons as enlarging the furnace, more 
tonnage requirements, melting different 
materials, becoming more skilled in the 
operation, and so forth. 

Other Power Companies’ Fluctuation 

Different power companies have dif¬ 
ferent requirements for the connection 
of furnace loads. All of the power com¬ 
panies on which I have data indicate that 
the frequency of the furnace swings and 
their magnitude govern the amount of 
stiffness required in the system at the 
point of service, for these are the criteria 
of the flicker which will result in voltage 


complaints if any are incurred. For in¬ 
stance, one power company requires a 
short-circuit duty at that spot of 1,000,- 
000 kva for connecting a 10,000-kva elec¬ 
tric-arc furnace on the basis of limiting 
the voltage fluctuation to two per cent, 
assuming the instantaneous swings to be 
twice the transformer rating. Another 
power company feels that the short-cir¬ 
cuit duty should be 750,000 kva or greater 
on the basis of a two-volt flicker on a 
120-volt base. Some other power com¬ 
panies have installations in satisfactory 
operation with five to six per cent 
voltage swings on the consumer’s 
primary bus, and they feel that 7.5 per 
cent would also be satisfactory, and they 
make reference to two per cent limits on 
the system at critical points. 

One large power company claims that 
its test data disclose single-phase swings 
from approximately 1,500 kva to 6,500 
kva for three-phase electric-arc-furnace 
transformers varying in size from 1,000 
kva to 10,000 kva, with corresponding 
power-factor variations from approxi¬ 
mately 40 to 65 per cent. The Duquesne 
Light Company test data for several 
comparable installations check fairly 
closely with these figures. 

All and sundry advise caution in sup- 
plying lighting, particularly fluorescent 
X-ray equipment and other critical ap¬ 
paratus from consumer’s primary busses 
and from lines and/or busses that supply 
such critical load. 

One large power company is fortunate 
in having most of its heavy industrial 
load confined to a definite area and has 
provided a separate bus known as “flicker 
bus,” from which all such loads are sup¬ 
plied. Such a bus can stand much greater 


voltage fluctuations than one carrying 
lighting and other critical load. Not 
many are so fortunately situated. 

Early Furnace Experience 

Duquesne Light Company has been 
supplying electric-furnace loads since 
1908, and, it is thought, it was the first 
power company to pick up such load. 
Even in those days the necessary re¬ 
search work and calculations were made 
before connecting a furnace to the system, 
and a trial installation was actually made 
of the first furnace in the power-station 
yard, with one engine-driven generator 
isolated to carry the load for the tests. 
Subsequently, as a result of these tests, 
the furnace installation was made in the 
steel mill and was supplied for a while 
by an isolated generator and line. As the 
system grew, the generator and line were 
tied into the network. This installation 
was in use in this plant for many years 
and was scrapped just a few years ago, 
but other larger furnaces were later in¬ 
stalled and have been in use for many 
years. 
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I. Introduction 

T HE paper describes a new method for 
the testing of insulation of windings, 
the advantages of which are adequate 
stressing of turn and conductor insulation 
and certain detection of defects. The 
new tester consists of a repeating-type 
surge generator, cathode-ray oscillograph, 
and synchronously driven switching 
equipment. The surge generator provides 
a succession of voltage waves of controlled 
shape adjusted to give the necessary turn 
and conductor insulation stresses. The 
cathode-ray oscillograph is timed to give 
a stationary image of the repeating surge 
on the screen. By virtue of the special 
method of-surge application and oscillo¬ 
graph connection, the waves on the screen 
indicate turn or conductor-insulation 
defects quickly and certainly. 

In high-potential testing, voltages in all 
parts of a winding should be high enough 
to result in insulation failure at all points 
where insulation strength is not adequate 
to withstand service conditions.. To this 
end, test voltages must be used suffi¬ 
ciently above normal excitation voltages 
to properly stress conductor insulation 
and sufficiently rapid in rate of change to 
stress turn insulation properly. Accord¬ 
ingly, power-frequency voltages, usually 
two times normal plus 1,000, are used for 
conductor-to-ground insulation and high- 
frequency voltages applied directly or by 
induction are used for turn insulation. 

In service, insulation must withstand 
normal voltage excitation, switching 
voltages, and other transients such as 
lightning. 1 Switching surges range below 
5.5 times normal but may, as in the case 
of lightning transients, have high rate-of- 
change characteristics. Time to crest 
may be as low as one microsecond. As 
nearly as practical these service voltage 
conditions should be reproduced in test. 2-13 
The test method described in this paper 
is directed toward the ends of adequate 
stressing of all insulation and certain 
detection of weak spots. 

The new method has been used for dif¬ 
ferent types of coils and windings and has 
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been applied to particular advantage in 
the testing of completed windings of 
three-phase low-voltage rotating ma¬ 
chines. In this case surge voltages are 
applied alternately to each of two of the 
terminals of the machine with the oscillo¬ 
graph connected to the third terminal. 

II. Wave Propagation in Machine 
Windings 

Experimental work and practical test¬ 
ing experience on production machine 
windings have indicated definite improve¬ 
ments in line with the objectives already 
stated. As very little experimental work 
tigs been reported on wave propagation 
dn windings, it seems advisable to include 
here a few oscillographic records of volt¬ 
age wave conditions pertinent to the 
surge performance of machine windings. 

A most significant characteristic of 
these windings from the standpoint of 
surge mechanism is that capacitance and 
inductance elements are necessarily well 
distributed as to physical position and, 
therefore, have very low over-all capaci¬ 
tive or inductive coupling. In this 
report the machine winding is the oppo¬ 
site of the transformer where over-all 
capacitive and inductive couplings are 
very liigh. Because of this distribution 
of capacitance and inductance elements, 
the electrical mechanism of the machine 
winding is that of the traveling-wave as 
contrasted with the standing-wave 
mechanism of the closely coupled trans¬ 
former winding. The surge performance 
of a machine winding is illustrated in 
Figure 1 which shows voltage wave 
shapes measured at suitably located tap 
points along one leg of a three-phase 
winding of a large rotating machine. 
The voltage wave applied was unidirec¬ 
tional in polarity with a time to crest of 
one microsecond and to half-crest on the 
wave tail of 5.6 microseconds. 

In Figure 1 in the left vertical column 
are shown the tap voltages for the case 
of the neutral end open. The voltage 
wave shape applied is at the top with con¬ 
secutive taps toward the open end in 
order below. The unidirectional polarity- 
impulse traveling through the winding 
sets up a standing-wave oscillation at the 
open end which has a frequency of some 
34,000 cycles per second. Voltage am¬ 
plitude along the winding first decreases, 
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then increases, reaching a value some 20 
per cent above that of the applied wave 
at the line end. The low-amplitude os¬ 
cillation at the beginning of the neutral 
end wave is the result of direct coupling 
across the winding, as soon as the applied 
wave enters the winding at the line end. 
The winding time length, as indicated by 
this displacement, is just under 4.0 
microseconds. 

In Figure 1, center vertical column, are 
shown tap voltages for the case of the 
neutral grounded, through a resistance of 
200 ohms equal to the experimentally 
determined surge impedance. This series 
of oscillograms shows the voltage wave 
traveling through the winding without 
major reflections and with appreciable 
amplitude attenuation so that the neutral 
end wave is about 60 per cent of the 
applied wave. This attenuation is ac¬ 
companied by some distortion resulting 
in a slight lengthening of the wave tail. 
The loss in voltage amplitude is mainly 
on the sharp front of the wave, and this 
has the effect of increasing the time to 
crest from one microsecond at the line 
end to five microseconds at the neutral 
end. 

In Figure 1, right vertical column, are 
shown tap voltages for the case of the 
neutral end directly grounded. In this 
case the polarity of the reflected voltage 
wave is reversed, and a frequency of 
77,000 cycles or something more than 
twice the open-ended winding frequency 
is obtained. The voltage amplitude de¬ 
creases at each tap point and at the 
neutral end is, of course, zero across the 
ground connection. 

These oscillograms show the nature of 
the voltage variations in a rotating ma¬ 
chine winding under conditions of ap¬ 
plied surges such as are obtainable with 
switching, lightning, or other circuit 
variations. Further experimental work 
has shown that steeper and short-dura¬ 
tion waves are attenuated more rapidly, 
and more sloping and longer-time waves 
less rapidly. This type of information 
can be used as a basis for consideration of 
voltage stresses and detection of weak 
spots in winding-insulation testing. 

III. Winding-Insulation Testing 
Method 

Experimental work was conducted on 
improvements in winding-insulation test- 
ing, particularly as regards across-winding 
stresses and weak-spot detection in view 
of the surge mechanism already described. 
As a result of this work, the circuit ar¬ 
rangement and method of connection 
derived from the oscillograph electric 
transient analyzer 2 and shown in Figure 
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2 was devised. The principal elements 
involved are the repeating surge generator 
at the bottom left, a cathode-ray oscillo¬ 
graph at the top right, the time-co- 
ordinating and beam time-axis circuit at 
the top left, and a synchronous reversing 
switch shown at the bottom right, along 

Figure 1. Wave propagation in machine 
windings 

Applied line surge voltage at top. Neutral 
surge voltages at bottom 
Left—Terminus open 

Center—Terminus grounded through surge 
impedance 

Right—Terminus grounded directly 




with a typical wye-connected winding of 
rotating machine. The surge generator 
consists of supply transformer 10, charg¬ 
ing tube 11, main capacitor 6, and dis¬ 
charge resistance and tube 7 and 5. This 
circuit provides a capacitor-discharge 
voltage wave which is applied through a 
synchronously operated reversing switch 
9 to the machine windings 12 and 13 under 
test. Time-co-ordinating circuit 1, 2, 3, 
and 4 supplies "time-axis voltage for the 
cathode-ray oscillograph and operates 
the surge generator once for each cycle 
of power-supply frequency, which results 
in a stationary image of the fault-indi¬ 
cating wave on the oscillograph screen. 
For practical testing purposes, this equip¬ 
ment is mounted in a cabinet as shown in 
Figure 3 with the oscillograph at the top 
and all controls below. 

In detail the whole circuit operates as 
described in the following paragraphs. 

The peaking transformer 1 trips the 
sweep thyratron 2 when its plate is on the 
crest of the positive half-cycle, thereby 
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Figure 5. Winding-insulation tester records, 
double winding 
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tance 6 through resistance 7 into the 
test winding 8 by way of the synchronous 
reversing switch 9. Capacitance 6 was 
charged on the previous half-cycle from 
transformer 10 through rectifier 11. 

The synchronous switch acts to send 
alternate surges in opposite directions 
through the winding 8 between terminals 
12 and 13. Terminal 14 is connected 
through a capacitance voltage divider to 
the oscillograph deflection plates. The 
wave shape shown by the oscillograph is, 
therefore, a resultant of the voltage at the 
neutral and the voltage induced in the 
phase to which it is connected. 

If the winding is perfectly symmetrical, 
the wave at the neutral and on the os¬ 
cillograph will be the same for either 
direction of surge travel, so that a single 
standing wave will be shown on the os¬ 
cillograph screen If the symmetry is 
disturbed by a shorted turn or coil, in 
legs 12 or 13, a ground or improper con¬ 
nection, the two directions of surge travel 
will give different results and, conse¬ 
quently, two waves of different shape on 
the screen. Experience has shown that 
this connection arrangement is extremely 
sensitive to winding defects and that, to 
a considerable extent, the relative shapes 
and amplitudes of the two waves can be 
used to indicate the nature of the defect. 

IV. Specimen Winding-Insulation 
Tester Records 

The oscillograms of Figure 4 show wind¬ 
ing-insulation tester performance on a 
three-phase rotating machine winding, 
The tester circuit was arranged to give a 
voltage wave of (1 x 40) microsecond 
shape. This wave, shown at 1, was re¬ 
corded by connecting the oscillograph 
deflection circuit to the impulse input 
terminal 1 in the diagram. Oscillogram 
2 is the wave shape at the neutral of the 
motor winding obtained by connecting 
the oscillograph deflection at the motor 
neutral or point N on the diagram. It 
will be noted that the wave front at the 
neutral is considerably more sloping than 
the applied wave of 1, requiring some six 
microseconds to crest value. Only one 
trace is shown, indicating identical wave 
shapes, whether the wave is applied at 
1 with 2 grounded, or applied at 2 with 1 
grounded. Oscillogram 3 of Figure 4 
shows the wave shape at the end of wind¬ 
ing 3 with the characteristic standing- 
wave voltage oscillation agreeing with 
oscillogram of Figure 1 at the bottom of 
the left-hand column. Oscillogram 3 also 
shows only one wave, thereby indicating 
symmetrical conditions in phases I and 2 
For oscillograms 4 through 12, the oseilln 
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graph deflection is connected to terminal 
3, which is normal for production-line 
testing of windings. 

To illustrate the detection of winding 
faults, turn and coil short circuits and 
grounds were made at several points in 
leg 1 and oscillograms taken of the stand¬ 
ing waves on the oscillograph screen. 
Oscillograms 4, 5 and 6 show the two 
wave traces produced by one-turn short 
circuits at different points in leg 1, as 
indicated on the diagram at 4, 5, and 6. 

The two waves in each case are offset 
from each other sufficiently to con¬ 
stitute an unmistakable indication of the 
winding faults applied. In the same 
manner oscillograms 7, 8, and 9 show the 
offset waves obtained with a single-coil 
short circuit the differences in waves in 
each case being greater than for the single¬ 
turn short circuit. By stopping the 
synchronous motor and sending all im¬ 
pulses into terminal 1, and viewing the 
wave, and then into terminal 2 and view¬ 
ing the wave, it has been determined 
experimentally that these waves are 
above and below the no-fault wave of 
oscillogram 3. 

Oscillograms 10, 11, and 12 of Figure 4 
show wave shapes corresponding to ap¬ 
plied line-to-ground insulation faults at 
points 1,5, and N of the motor winding. 
Oscillogram 10 taken with the ground on 
terminal 1, of course, shows a zero de¬ 
flection line for the wave applied to that 
terminal. The single wave of 10 pro¬ 
duced by the surge entering terminal 2, 
corresponds to the double wave of os¬ 
cillogram 3. 

Oscillogram 11 also shows one low- 


amplitude wave corresponding to the 
impulse applied at 1 with point 5 
grounded and a high-amplitude wave 
corresponding to the impulse applied at 
terminal 2. For oscillogram 12 the neu¬ 
tral was grounded, and the waves are 
superimposed because of the symmetry 
of this connection arrangement. 

These oscillograms and those of Figure 
5 which show wave shapes for a double¬ 
circuit wye connection illustrate the wide 
range of surge-voltage variations corre¬ 
sponding to possible insulation faults and 
connections. A detailed treatment of 
these is not possible within the scope of 
this paper. However, stated generally, 
these wave shapes are determined by 
the propagation characteristics of the 
impulse and the magnitudes and direc¬ 
tions of induced voltages in the leg con¬ 
nected to the oscillograph. The signifi¬ 
cance of all this in insulation testing of 
windings is to be found in the clear-cut 
manner in which insulation and connec¬ 
tion faults are disclosed by the two-way 
method of surge application and the 
standing waves on the cathode-ray os¬ 
cillograph screen. 

V. Conclusions 

1. A new winding-insulation testing method 
for completed machine windings has been 
described. 

2. The new method applies suitably con¬ 
trolled voltage wave shapes to give the 
required turn and conductor insulation 
stresses for adequate testing practice. 

3. The new method provides for immediate 
detection of insulation faults and winding 
dissymmetries. 
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Generation of Electric Charges by 
Moving Rubber-Tired Vehicles 


In making measurements of currents 
generated, tlie body of the car was 
grounded through a microammeter, the 
currents being large enough to come 
within the range of an ordinary instru¬ 
ment. 
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Synopsis: The current flowing to ground 
from an automobile, whose rear wheels were 
turning on a dynamometer, was measured. 
The magnitude of the constant current 
measured, in the order of microamperes, 
shows that the vehicle is electrically charged 
by conduction through the tires. The ex¬ 
perimental results are consistent with the 
conception of a simple equivalent circuit. 
These results were checked by road tests. 
Calculation shows that the tires are usually 
conducting sufficiently to discharge a car in 
a short time after it has stopped moving. 


C OMMON experience demonstrates 
that a rubber-tired vehicle in motion 
often accumulates a charge of electricity 
of sufficient magnitude to shock a person 
who touches the vehicle immediately 
after it comes to rest. 

It is known that this electric charge is 
produced when the rubber tires contact 
pavement and then separate from it. 
This phenomenon has recently been 
studied by Beach, 1 Cadwell, Handel, and 
Benson 2 and by , Liska and Hanson. 3 
These investigators studied the potentials 
developed and potential distributions 
around the tire. Most of our experi¬ 
ments were confined to the measurement 
of currents generated, rather than volt¬ 
ages. 
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Theoretically there are two methods by 
which a vehicle can acquire a potential 
above ground caused by tire static. One 
method is by induction from tlie charges 
produced on the rubber tires. The other 
method is by the conduction of this charge 
through the rubber tires to the body of 
the vehicle. We have measured con¬ 
tinuous currents, as high as four micro¬ 
amperes, flowing to a grounded con¬ 
ductor from a car, under normal driving 
conditions. This continuous current 
can be produced only by conduction 
through the tires. It is well known that 
any charges produced on the body of the 
car by induction from the charges on the 
tire, will produce only a wiowicntcivy cur¬ 
rent when the vehicle is grounded, and 
cannot possibly maintain a steady current 
to ground. 

Inductive effects due to the existence 
of charges on the surface of the tires can 
produce the distribution of charges on 
the body of the vehicle that is necessary 
to maintain the body at one potential. 
The potential, however, is determined 
entirely by current flowing through a 
resistance. 

Experimental Results 

It is difficult to make accurate meas¬ 
urements of currents generated by mov¬ 
ing vehicles on the road. Accordingly, 
in the attempt to determine the currents 
generated, the first experiments were 
conducted on an engine-testing dyna¬ 
mometer stand. This device is essen¬ 
tially a large Prony brake. The rear 
wheels of the automobile rest on a large 
metal drum that is free to revolve at a 
rate corresponding to any desired road 
speed. 

Wouk—Electric Charges 


The rubber tires of a moving vehicle 
in contact with the pavement produce a 
difference of potential between the rubber 
and pavement, and a separation of 
electric charges occurs. The tire always 
acquires a negative charge. As the tires 
move from the contact position on the 
pavement, or on the dynamometer, the 
potential of the charges must increase. 
As the potential increases, the charges 
seek a path to ground. Our experiments 
have led us to the conclusion that two 
paths to ground are followed: 

1. Directly across the tires to the wheel lmb 
and the car body, and from the ear body to 
ground through the ammeter. 

2. Back along the surface of the lire to the 
grounded dynamometer, or, in the ease of a 
moving vehicle, to the ground plane existing 
under the pavement. 

Thus, the equivalent circuit of a car 
on a dynamometer stand may be repre¬ 
sented by Figure 1. The current 1 
generated at the tire tread has two paths 
to ground: 

h To the wheel through the resistance of 
the tires, R Wt to the car body anti through 
the ammeter to ground. 

2. Back to ground across the surface of 
the tires, through a shunt resistance, R gt 

Figure 2 i v s a typical curve showing the 
measured current plotted against speed 
of the rear wheels. This current flows 
from the body of the car to ground when 
the rear wheels revolve on the drum of 
the dynamometer. The data were taken 
with a 1941 Chevrolet having the stand¬ 
ard 6:00-10 tires. Various pressures 
were used, and a wide range of tractive 
loads was applied. In general, we found 
only a small increase in current with a 
considerable increase in load and only a 
small increase in the current with a large 
decrease in tire pressure. These results 
indicate that the charges produced are not 
determined primarily by the amount of 

Transactions 207 


on Rubber-Tired Vehicles 





Figure 1. Equivalent circuit of 
a car on a dynamometer stand 


friction, but rather by the speed and sepa¬ 
ration of contact. 

The curve of Figure 2 is not a straight 
line but shows some decrease in,the rate 
of production of the measured current at 
higher speeds. We believe that the total 
charge produced at the surface of the 
tire is directly proportional to speed at 
all the speeds indicated and that this 
falling off of current measured at high 
speeds is due to changes in the equivalent 
resistances, R g and R Wi shown in Figure 1. 

With increased speed it is to be ex¬ 
pected that the tire temperature will 
increase. Rubber, as compounded and 
used in tires, has a negative temperature- 
resistance coefficient. Therefore, the 
tread and the surface of the tire near the 
tread, due to its higher temperature, will 
decrease in resistance more than the 
main body of the tires. Since most of 
R g resides in the tread and in the portions 
of the tire near the tread, R g decreases 
more than R w as the speed increases. A 
greater portion of the total current 
generated thus goes to ground through the 
shunt path, and the readings of the am¬ 
meter flatten out. 

Figure 3 indicates that an increase in 
temperature will change the ratio of 
resistance R w to R g . This curve shows the 
current measured at a constant speed, 
plotted against time. Before this run’ 
the tires were allowed to cool. There is a 
decrease in measured current for about a 
minute, and then a substantially constant 
value is reached. This manner of change 
of current measured is explained by as¬ 
suming that the ratio of R g to R^ de¬ 
creases as the temperature of the tires 
increased. It is difficult to explain the 
observed change in current by anything 

other than the change of tire resistance 
with time. 

The experiment that indicated the 
existence of two paths to ground, as 
i lustrated m Figure 1, was the following 
A conducting mixture of lampblack and 
Karo syrup was applied to the sidewalls of 
ie ires. The conducting film extended 
from the metal wheel hub to within an 

oflL t 6dge ° f the Side walls 

o w lT J he tread was coated, 
w,f the charge-producing mechanism 

110 affected * and the same total 
currents as previously produced would 


be generated at the tread of the tire. 
When the wheels were now set in motion, 
much higher currents to the car than 
previously encountered, were measured. 

On the assumption that the total cur¬ 
rent generated at the tread of the tire is 
unchanged at a given speed, these results 
indicate that the total current must split 
into two paths, as shown in Figure 1, and 
that the ammeter reads only a portion of 
the total current generated. 

Currents as high as eight microamperes 
at 40 miles per hour were obtained with 
a relatively thick coating of the conduct¬ 
ing mixture. The resistance of the side 
walls was so decreased that two electrodes 
spaced three inches apart, indicated a 
resistance of approximately 100,000 ohms. 

Furthermore, it is impossible to deter¬ 
mine directly the total current generated 
at any particular speed. This can be 
seen if the circuit elements of Figure 1 are 
considered to constitute a II network. 
From four-terminal network theory, it is 
known that three independent measure¬ 
ments must be made to determine the 
characteristics of the circuit. This means 
that two measurements must be made on 
one side of the network and one on the 
other. This is physically impossible, 
because no meters can be connected to 
that side of the circuit where the constant 
current I is being injected into the system. 

However, if external resistances are 
inserted in series with the ammeter, and 
the current change measured, certain 
interesting results may be obtained. It is 
readily determined that 

J_i ^e_ , . 

I w JlR g IR ’ where Re 1S ttle unlabeled 

external resistance in Figure 1. 


Thus, the reciprocal of the measured 
current for a given total current 7, that 
is, for a constant speed, should vary 
linearly with the external resistance. 
The slope of the line is 

slope = 1 / IR g 

and the intercept is given by 
intercept = -( — I 

\ Rq / 
and therefore 

intercept 


slope 


=R 0 -\-Ru 
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Figure 2. Typical curve of current measured 
from body of car to ground, as speed of rear 
wheels is changed 


Figure 4 shows the results of readings 
taken at a wheel speed corresponding to 
40 miles per hour. Extremely high re¬ 
sistances had to be added in the ammeter 
circuit to obtain these data. It is seen 
that a straight line, predicted by analyz¬ 
ing the equivalent circuit, is actually 
obtained. This curve gives a value, of 
Rw + Rq = 1,325 megohms. Further 
data, taken with the side walls made 
conducting, also yield a straight line; 
in this case, R w + R g = 34.G megohms. 

Without a knowledge of the total 
current 7, it is not possible to determine 
the exact value of R g and R w . However, 
an idea of the order of magnitude can be 
determined in the following manner: as 
mentioned, with a relatively thick con¬ 
ducting layer, currents as high as eight 
microamperes at 40 miles per hour have 
been measured. Wc may assume that 
this is approximately the total current 
generated at this speed, since without 
any conducting layer, and with no ex¬ 
ternal resistance, the measured current 
is 1.74 microamperes. 

The slope of the curve of Figure 4 is 
l/IR 0 = 0.43 X 10~ 3 . Substituting 
the value of 7 = 8 X IQ~*, we get 
290 megohms. Since R w + R g = 


R, 


Wouk- 


1,325 megohms, then R w = 1,035 meg¬ 
ohms. 

These results give the resistance of the 
two rear wheels in parallel. Conse¬ 
quently, the equivalent resistances for 
one tire would be R g = 580 megohms, and 
Rw — 2,070 megohms. 

This determination of R w is in the range 
of the resistance between the hub of a 
wheel and a metal plate on which a tire 
xs resting. The authors have made such 
measurements, 4 as have Cadwell, Handel 
and Benson. 2 

If we assume that the total current 
generated by the tires is proportional to 
speed, we obtain, on the assumptions 
previously stated, a "proportionality 
constant” of approximately 0.1 micro¬ 
ampere per mile per hour for each tire. 

It will be noted that the value shown on 
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Figure 4 for the current measured at 40 
miles per hour with R e = 0, is 1.7 micro¬ 
amperes, or approximately one half of 
the current for this speed shown on 
Figure 2. Such changes were encountered 
over a period of time, and were probably 
caused by changes in the surface condi¬ 
tions of the tires. 

Voltages Encountered 

The slope of Figure 4 is given by l/IR g . 
Accordingly, the reciprocal of the slope 
is the voltage to which the vehicle would 
be raised if all the current were dissipated 
to ground through the shunt resistance. 
This situation is approximated when ex¬ 
tremely high external resistances, R e) are 
used. For the data taken with the normal 
tire, this value is 

V = (1/0.43) X 10 s = 2,320 volts 

During these experiments voltages of 
this size were measured, and Beach 1 
likewise encountered voltages in this 
range, although somewhat higher. If an 
electrostatic voltmeter is applied to the 
car while on the dynamometer, instead 
of an ammeter, and one side of the volt¬ 
meter is grounded, then R e will be the 
resistance of the front tire and the surface 
leakage over the floor to ground. 

We made tests in which a layer of tin- 
foil was placed under the front tires, the 
tinfoil being insulated from the floor by 
rubber mats. The tinfoil was then 
grounded through the microammeter. 
As soon as the rear wheels started to turn, 
the microammeter indicated a current of 
about half the size previously encountered 
and a voltmeter connected between the 
car body and ground read several thou¬ 
sand volts. This, as stated above, is 
equivalent to inserting a very high resist¬ 
ance R e in the ammeter circuit of Figure 
1 . 

Those who previously made measure¬ 
ments of voltage, in attempting to analyze 


Table I. Data Obtained on Road 


Speed 

(Miles 

Per 

Hour) 

Current 

Measured 

(Micro¬ 

amperes) 

Re 

Meg¬ 

ohms 

Remarks 

10. . , 

_3.0. . . 

0 

All + _ 


20. .. 

.•.4.8. 

o 

an asphalt pavement 

10.. . 

...2.5.. 

100 



10.. . 

...4.5_ 

. 0. . 

.. .. 


10.. . 

.. .1.5 _ 

. 0. . 

layer on 
tires 

carbon 
all four 

10. . . 

.. .2.0 _ 

0. 

grounded 

track 

tires on 
railroad 

10. . . 

. ..1.5 _ 

. 60.. 

. ^uuuumxjy carbon 

layer on right two 
tires, on railroad 
track 

. Conditions as above 
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TIME - SECONDS 

Figure 3. Variation of current to car body 
with time, wheel speed being held constant 
at 40 miles per hour 



Figure 4. Reciprocal of current measured 
versus external resistance in ammeter circuit 

Speed—40 miles per hour 


the problem of the tire static, were per¬ 
forming this experiment, without realiz¬ 
ing that the voltages measured could be 
correlated directly with an IR drop 
through the front tires. 

Road Tests 

Data were also taken with vehicles 
actually in motion. However, it was 
rather difficult to get good readings. 
First of all, other cars passing nearby 
would induce temporary currents of the 


these tests the rubber contacted asphalt 
paving. 

We may see further, from the data 
taken with the right wheels in the 
grounded track, that reducing the value 
of the leakage resistance to ground will 
reduce considerably the amount of cur¬ 
rent going to the car. On the dynamome¬ 
ter stand, the path R 0) as mentioned 
previously, was the rubber between the 
charges and the grounded dynamometer, 
while on the road, the pavement resist¬ 
ance is added. Therefore, driving on the 


Figure 5. Equivalent circuit of 
a car moving on a highway 




order of magnitude of those being 
measured. Mechanical meters, sensitive 
enough to read the current generated, 
were not rugged enough to stand the 
inevitable shocks received in a moving 
vehicle. Electronic meters were too sus¬ 
ceptible to outside influence, such as 
power lines, and so forth. Despite this, 
the data obtained checked well with what 
might be anticipated from the dyna¬ 
mometer tests. 

In the road tests, a chain about ten 
feet long was dragged in a railroad track, 
serving as a constant ground. The chain 
was insulated from the car by means of a 
wax-impregnated rope which also served 
as the strain absorber. The wire leading 
to the ammeter inside the car was in¬ 
sulated from the metal of thfe car by 
vacuum-held rubber cups. Accordingly, 
measurements could be made correspond- 
ing to I w of the dynamometer experiments. 

The most reliable data for the operating 
conditions detailed are listed in Table I. 
It is seen from this table that the order of 
magnitude of currents generated is that 
obtained on the dynamometer. Closer 
correlation is scarcely to be expected. 
The materials producing the charges were 
different: that is, on the dynamometer 
the rubber contacted metal, while in 


tracks should reduce the current lo the 
car, since the leakage path to ground is 
now one of lower resistance. With the 
wheels on the track, additional resistance 
in the grounded part of the circuit lias a 
much greater effect than if the wheels are 
not in the track, as may be seen from 
entries 3 and 7 in Table I. Figure i 
shows why this should be so. With the 
wheels in the track, R g is relatively small; 
hence putting in additional resistance R e 
will force more of the generated current 
through the leakage path to ground, thus 
decreasing the ammeter reading. 

It is believed that the potential of a ear 
in motion is determined primarily by the 
current produced by tires leaving the 
road. Other effects such as wind resist¬ 
ance and so forth, are believed to play 
only a minor role. 

Conclusion 

Figure 5 shows the equivalent circuit 
for a car moving on a road with uniform 
speed. In this circuit the capacitor C 
represents the capacitance of the car to 
ground. Obviously, once enough current 
has flowed through R w to charge C up to a 
voltage equal to IR g , then all the current 
wfll flow back to ground, and no more will 
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flow to the body of the car. Thus, the 
car does not charge up indefinitely; the 
voltage to which it will rise is given by 

In order to decrease the potential ac¬ 
quired by a vehicle in motion, two meth¬ 
ods may be used : 

1. To reduce the amount of total charge 
produced. A method of doing this has al¬ 
ready been proposed. 2 

2. To use tires with conducting tread and 
side walls. This would reduce the resistance 
R g and, consequently, decrease the vehicle’s 
potential. 

Experience has shown that very seldom 
is a car sufficiently charged to give a 
static spark when driven into a service 
station. Even if we assume that a vehicle 
is brought to rest with a relatively high 
charge, this charge quickly leaks to 
ground. We have measured the resistance 
of the tires of a number of cars when at 
rest and found this resistance to be ap¬ 
proximately 3 X 10 9 ohms for four tires 
in parallel. 3 - 4 The capacitance of a car 
is approximately 750 micromicrofarads. 
If we assume that a car is brought to rest 
with a potential of 3,000 volts, then we 
can make a rough calculation of the time 
required for the vehicle to discharge to 
300 volts, which is the minimum sparking 
potential. 

From the usual capacitor-resistance 
discharge equation 

__L 

F~ V 0 e Rc 

Substituting V = 300, V 0 = 3,000 = 

3 X 10 9 , C = 750 X 10~ 12 we find t = 5.2 
seconds. 


Pilot-Wire Circuits for Protective 
Relaying—Experience and Practice 

AIEE COMMITTEE ON PROTECTIVE DEVICES 

RELAY SUBCOMMITTEE 


B ECAUSE of the increasing use of 
pilot-wire relays, particularly for 
longer lines, the relay subcommittee 
initiated an investigation of the operating 
experience with the pilot channel itself. 
From this investigation it was hoped to 
determine the requirements for a reliable 
pilot channel. Unfortunately, the in¬ 
formation obtained to date is not con¬ 
clusive, and under war conditions the 
completion of this investigation appears 


It should be remembered that the 
recent increased use of pilot-wire relay 
schemes has been occasioned by the de¬ 
velopment of new relays to give both 
phase and ground-fault protection over 
only two pilot wires. Because of the 
short history of these new developments, 
this report necessarily gives a rather in¬ 
complete picture of their performance, 
since it is influenced disproportionately 
by the much longer period of use of the 


Table A 


Protection 
at Terminals 

Privately Owned Circuits 

Leased Circuits 

Carbon blocks. 

Air gaps. 



Thyrite. 


Protective tubes. 


Vacuum gaps.... 



Fuses. 


Heat coils. 


None. 


Not specified. 



Protection at 
Intermediate 

Point 

Carbon blocks. 

Air gaps. 



Fuses. 

Heat coils. 



jn one. 

Not specified. 




Furthermore, we have found in the 
laboratory that a capacitor of 750 micro¬ 
microfarads will produce a spark capable 
of igniting a combustible mixture of 
gasoline vapor and air, only if charged to 
a potential of several thousand volts. A 
spark may occur at a lower voltage, but 
it lacks the characteristics necessary to 
ignite a combustible mixture of gasoline 
vapor and air. 
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to be delayed unavoidably. On the 
other hand, plant expansion necessary to 
the war effort frequently has called for 
quick decisions on relay schemes, and 
pilot wires have been used in many cases. 
Because the pilot-wire channel is the 
least known item in the pilot-wire relay 
scheme, the committee has decided to 
publish the information now available 
to indicate the trend, so that prospective 
users of pilot-wire relaying may have the 
benefit of this preliminary work. Inves¬ 
tigation will be continued as actively as 
conditions permit and another rep ort issued 
as SQQn a s sufficient data are available. 


-Taper 43-27, recommended by the AIEE committei 
on protective devices for presentation at the AIEI 
national technical meeting, New York, N. Y 
January 25-29, 1943. Manuscript submittec 

ovember 12, 1942; made available for printim 
December 29, 1942. 4 


personnel of the working group on pilot wires o 
the relay subcommittee: W. K. Sonnemann 
pousor; J. H. Neher, former sponsor (now wit! 
the United States Navy); J. C. Bowman, W. R 
Brownlee, R. E. Cordray, R. F. Davis,'L. L. Draper 
E. E. George, S. Goldsmith, E. L. Harder, H, F 
Lmdemuth, W. E, Marter, P. N. Sandstrom, A. W 
Walton, E. M. Wood. ’ 


PHot - Wire Circuits 


older schemes. Further, it is probable 
that, in some of the cases where phase or 
ground-fault protection only is reported, 
the circuits would have been protected for 
both, had the newer schemes been avail- 


newer schemes probably will increase the 
average length of pilot-wire circuits, 
because of their ability to operate over 
longer distances. 

This report is based on the replies of 
32 companies covering 436 circuits used 
for protective relaying. The information 
thus obtained covers 1,351 route miles 
of pilot-wire circuits and a period of 
5,570 circuit years. 


The following information, some of 
which is elaborated on later, would 
appear to be particularly significant. 


. , '-, circuits are 

privately owned, nearly all of which are in 
lead-sheathed cable. The average length is 
three miles. The longest circuit is 20 miles. 

J wo thirds of th e circuits, are installed 
on the same right of way or in the same duct 
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Tabic II. 


Circuit Details and Performance 


Company Designation 


Number of pilot circuits.. .2 
Average length (miles)... . 2.0 
Maximum length (miles)..2.0 

Pilot-Circuit Performance 

Mile-years of operation. . 0 
Total number of out¬ 
ages . 

Total hours interrup¬ 
tion . 

! Short 

circuits. 

Grounds. 

Open 

circuits. 

Circuit 

changes. 

Other. 

Cable Details 
Conductor size (Ameri¬ 
can wire gauge).16 


Protective features at 
terminals 6 . pp 


5 

3.0 

3.0 


.208 
. 1 
. 5 


..2 

..0.3 

..0.3 


. . 1.0 
,.0 


6 

6 

7 

8 

6 

10 

11 

12 

12 

. . 42 

5.2.. 
15.6.. 

. . 15 
• . 2 
. . 3. 

.. 218 
.3.. 1.5. 

5.. 15.0.. 

. . . 9 
... 1.7 
. . . 2.0 

.. 6 
.. 0.8 

.. 0.8 

.. 2 
.. 3.7 
.. 4.0 

.. 10 
.. 1.8 
. . 2.4 

.. 18 
.. 2.5 

.. 8.8 

4 

.. 1.0 
.. 1.9 

■ 529 

. .147 

.. 6,000 . . 

. .57 

, .21 

7.4 

. .292 

. .178 

. .31 

. 49 . . 

. . 0 

..2,910 ... 

..NS 

. 4 

.. 0 

. . 0 

.. 18 

6 

■ 1,418 .. 


.. 11,640_ 

..NS 

. .24 



...104 

. .48 

. 30 . . 







1 

A 




.. 4 





» • 


19 


Voltage level (60 cycles). 

Potential gradient pro- 
tection c . c 

Insulation level (volts)...... 

Automatic supervision . .No 
Special circuit marking . . No 

Relay system 

Directional comparison. 

Transferred trip. 

Blocking. 

2 - wire a-c. 2 ’ 

3- wire a-c. 

4- wire a-c. 

Phase faults only. 

Ground faults only. 

Phase and ground faults.. 2 

(a). R —Rubber) ... . ~ 

p_p aper 1 thlckness as specified 

(*0. Symbols for protective features 
A G —Air gaps 
C —Carbon blocks 
F —Fuses 


. .12 

. .14 

. .19 

...12 

-.12 

. . .12 

R. . 7*4 inch 

R..R 

. . P 

. . . R 

. . 7*4 inch . 
R 

. . . 7*4 inch. 
R 

.. None 

. . None. 

• .None 

. . .None , 

, .None . . 

..PT 

. .None 

. . None. 

f 17-C. . 

\ 25-1. . .. 

. . . 11 -C 
...4-7 ‘ 

■ 7 

. .450 volts. 

. .None 

...600 
. .No 

TvTri 

..600 

..600 . 

.1,500 .. 


1! NS 

. . JN O 

..Yes . 

. . 14 
. -Yes 

. . 1 . 
: .Yes . 

.No 
■ NS 

■■Yes 
. . NS 


.. 4 


. .12 

• 7*4 3 
R 

..PT 


. f . 16. 

. 1 


•• 19 8 ..19 ..10 

h..P .. 7 a 4 inch R..P and R..Open 


. . C-H-F e . .None 


(4 -F 
12 -T 


. . None 


..None ..None ..None 


f 17 ‘ 

( 1-7 


-C 


..4-C 


NS 


..Yes 
. .Yes 


. . 1 
. . NS 


. .fro 
. .No 


19 




15 



1 


10 

18 

10 . . . 

. . 203 





... 2 


1 

20 

30 

. 15 






... 9 

i 

27 

. 15 

.. 203 



15 


.. 2 

. .. 9 

.. 1 

22 


77—Heat coils 
PT —Protector tubes 
T —Thyrite 
PC—Vacuum gaps 

(c). Symbols for potential gradient protection 
C—Coupling transformers 


D—Drainage equipment 
7—-Insulated relays 

(d) . Over 95 per cent of outages are "planned 
interruptions.” 

(e) . C, H, and F at intermediate stations also. 
(/). Some planned outages for circuit changes. 


system as the power cables. The rest are 
leased circuits or privately owned telephone 
cables which generally are located at a 
distance from the power circuits. 

3. All but two of the circuits are metallic. 
In these two cases ground return circuits are 
employed. In six cases the circuits are 
used for other purposes besides relay protec¬ 
tion. 

4. A though automatic supervision is used 
only on 18 per cent of the total installations 
and by 50 per cent of the companies report¬ 
ing, nearly every company reporting indi¬ 
cated that it would use automatic super¬ 
vision on future installations. 

5. The service continuity reported based on 
5,570 circuit years indicates an average out- 
of-service time of less than 0.0335 per cent. 
It appears that the interruptions on the 
leased circuits are more frequent but of 
shorter duration than on the privately 
owned circuits. An analysis indicates 1.32 
interruptions per circuit year, with an 
average of 3.54 hours outage per circuit year 
for the leased circuits, while the privately 
owned circuits have an outage once in 1.74 
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years, with an average outage time of 2.92 
hour per circuit year. The out-of-service 
time includes “planned interruptions, ” or 
circuit rearrangements. 

6. Carbon block and fuse or heat-coil pro¬ 
tection is applied to most of the leased cir¬ 
cuits, both at the terminals and en route, and 
special tagging is employed in the various 
exchanges. Only 20 per cent of the privately 
owned circuits are provided with ter m inal 
protection. Seventeen circuits are reported 
as being equipped with neutralizing trans¬ 
formers. 

Circuit Details 

Ownership. Fifteen companies re¬ 
ported 58 leased circuits, while 20 com¬ 
panies reported 378 privately owned 
circuits. Only three companies reported 
having circuits of both types. 

Construction . As previously indi¬ 
cated a large majority (367) of the pri¬ 
vately owned circuits and apparently all 

Pilot-Wire Circuits 


of the leased circuits are in cable. The 
size of the conductor in the privately 
owned cables ranges from number 6, 
where the cable is used exclusively for 
pilot-wire relaying, to number 22, where 
the cable carries telephone and super¬ 
visory circuits as well as pilot-wire cir¬ 
cuits. The larger wire sizes are generally 
rubber covered. In most cases lead 
sheathing is employed. 

Electrical Characteristics. Although 
the average length of the circuit reported 
is three miles, in several cases circuits of 
15 to 26 miles are in operation. The 
resistance ranges from a few ohms to as 
high as 2,675 ohms. 

In certain cases involving leased cir¬ 
cuits, loading coils are employed. It 
appears that these loading coils are an 
inherent part of the circuit facilities 
leased and are not introduced specifically 
for the pilot-wire system. None of the 
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of Privately Owned Pilot Circuits 


Company Designation 


14 


IS 


17 


18 


19 


20 


23 


27 


27 


31 


30 


2.0 

1.0 

1.0 

.... 2.0.. 

- 1.0. . 

- 1.5. . 

. 13 
. 2.5 
. 3.5 


. . 3.0 
.. 4.3 
. . 5.0 

... 3.0 . . 
... 1.5 
... 2.2 .. 

. . 1.0 
.. 3.2 
. . 3.2 

... 3.0 . 

... 4.3 . 

.6.0 , . 

-1.0. 

- 0.5 .. 

- 0.5 .. 

. . . 2.0 . . 

.. 2.5 . . 

. . 3.5 . . , 

6.0 

4.3 

9.0 

... 3.0 

... 10.3 
... 16.0 

... 1.0 
...17.9 
...17.0 

5.0 

5.6 

... 12.5 

2 

....20 .. 

. 0 


, . 16 

... 8.0 .., 

... 1.0 . .. 

. . 0. . 

...16.5 .. 

... 1.0 .. 

• . . 0 






0 

. • . . 0 . . 



. 0 

. .13.5 . . . 

. . 150 

. ..151 

. . . 6.0 

... 180 






...74.0 .. 



. . 0 . . . 

l S 

. . .™12 

. . . 0 

... 102 











. . . 1,048 

. . .449 


. . . .1,034 














. . . . 20 






...J 1 








. .. . 18 
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(g) . Four circuits with fuses at intermediate 
stations. 

(h) . Special tests showed maximum induced volt¬ 
age to ground of less than 565 volts. 

(t). One mile rubber insulated. Some cable 1,500 
volts to ground, and some 3,500 volts to ground. 


• ■ -. 1 _ ... 3 . 

O'). One outage due to flood conditions. 

(A). 4.13 miles number 19 double paper insulation. 

0.35 mile number 4 rubber insulation. 

(/). All cable failures. Present condition believed 
to be capable of better performance. 


/ 

9 ... 1 ... 5 

(m). Three outages due to some cable troubles as 
in l. Remainder mostly sleet on open wire sections 

(«). Ground return circuit. 

NS. Not specified in reply to questionnaire. 


relay schemes were reported as actually 
requiring the use of loading coils for their 
proper operation. 

Terminal and Intermediate Protection. 
It appears that, in most cases, standard 
telephone protective equipment such as 
carbon blocks, fuses, and heat coils is 
applied to leased circuits at the various 
telephone exchanges through which they 
pass and also at the line terminals in the 
power stations. Some of the privately 
owned circuits are treated similarly at 
the line terminals. Air gaps, vacuum 
gaps, and Thyrite are employed. The 
reported terminal and intermediate pro¬ 
tection is shown in Table A. 

At times of ground faults on power 
systems, a considerable difference in 
potential may exist between the power- 
station ground as represented by the 
primary relay equipment and true ground 
as represented by the pilot-wire circuits. 
Certain questions were asked with the 


intent of determining if this was a serious 
problem and how it was cared for. Un¬ 
fortunately the intent of the question was 
in many cases misunderstood, and the 
replies received lead to the belief that in 
many cases this problem has not been 
given due consideration. In certain 
cases, however, neutralizing transformers 
have been installed and in other cases 
highly insulated relay assemblies or in¬ 
sulating transformers have been indi¬ 
cated. Although insulating transformers 
constitute a component part of many of 
the pilot-wire protective systems em¬ 
ployed, nevertheless, in some cases the 
insulation value of this equipment has 
been nullified with respect to the super¬ 
visory equipment installed on the line 
side and connected to the power-station 
ground. 

The reported potential gradient pro¬ 
tection and grounding practice is shown 
in Table B. 


Circuit Performance 

Service Continuity . Table C indi¬ 
cates the record of pilot-wire outages of 
26 companies. 

Causes of Pilot-Wire Outages. The 
cause of pilot-wire outages reported by 
nine companies covering 409 circuit-years 
is shown in Table D. 

Trouble Due to Induction . Trouble 
due to induction or surges was indicated in 
20 per cent of the circuits reported. 
Apparently the majority of these troubles 
have been corrected. 

Protective Relay Systems 

As a matter of incidental interest, 
information was obtained in regard to 
the relay systems utilized. 

Types. The following general types 
of -pilot-wire protective systems were 
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Table B 


Neutralizing transformers. 
Line-coupling transformers 
Insulated relay equipment. 
No protection. 


. 17 circuits of 5 companies 
102 circuits of 19 companies 
278 circuits of 14 companies 
50 circuits of 9 companies 


! 298 circuits of 9 companies 

14 circuits of 2 companies with neutralizing transformers 
21 circuits of 5 companies with coupling transformers 
7 circuits of 2 companies with both neutralizing and coupling transformers 
256 circuits of 6 companies with neither neutralizing nor coupling transformers 

Grounded to pilot cable sheath. 3 circuits of 2 companies 

Grounded through station battery equipment. 4 circuits of 1 company 


Grounded to station ground 


Grounded to a remote ground 


65 circuits of 13 companies 

30 circuits of 6 companies with coupling transformers 
11 circuits of 2 companies grounded at one end only 
17 circuits of 5 companies 

6 circuits of 3 companies with coupling transformers 
6 circuits of 1 company grounded at one end only 


Table C 


Performance. The performance rec¬ 
ord based on 406 circuits of 25 com¬ 
panies having 5,500 circuit years experi¬ 
ence indicates a total number of 381 
faults on protected lines with 368 (96.5 
per cent) correct relay operations. In 
addition, a total number of 89 incorrect 


Table D 


Circuit rearrange¬ 


ment.118 

Short circuits ....... 87 (6 of which were grounds) 

Defective terminal 

equipment. 46 

Open circuits. 37 


Com “ Circuit No. of Total Outage Per Time Per Outage Outage in Per- 
ship pany Years Outages Hours Circuit Per Year (Hours) centage of Service 



2. 

3. 

. . . 68 . 
8. 

1. 

0. 

5. 

0. 

. ..0.0147. 

...0.0 . 

... 5.00 . 

..0.00084 

0 0 


5. 

4. 

0. 

0. 

...0.0 . 


n n 


6. 

7. 

.. 166. 

. .4,701. 

49. 

2,910. 

... 1,418. 
...11,640. 

. ..0.295 . 

..0.619 . 

...28.9 . 

_4.0 . . . 

..0.0975 

0 09539: 


8. 

. . 56. 

0. 

0. 

..0.0 . 


n o 


10. 

2. 

0. 

0. 

..0.0 . 


n o 


11. 

.. 162. 

0. 

0. 

..0.0 . 


. 0 o 


12 . 
14. 

.. 119. 
2. 

24. 

0. 

.. 152. 

0, 

. .0.202 . 

..0.0 . 

... 6.35 . 

..0.015 
n o 


15. 

.. 13. 

’0. 

0. 

..0.0 . 


n o 


18. 

4. 

0. 

0. 

..0.0 . 


0 0 


19. . 
25. . 

5. 

5. 

1. 

0. 

74. 
0. 

..0.2 

.. 0.0 . 

..74.0 . 

. .0.169 

0 0 


27. . 

6. 

0 . . 

0 . . 

..0.0 . 


0 0 


28. . 
30. . 

68. 

. . 28. 

20. . 

102. . 

.. 1,497. . 
.. 1,034. . 

..0.294 . 

..3.64 . 

..74.9 . 

..10.12 . 

..0.251 
. .0.421 

Total . 

17. . 

' 4. . 

9. . 
13. . 

. .5,417. . 

.. 12.. 
. . 50 . . 

4. . 

3,107. . 

. 15.. 
.81.. 
. 23.. 

. .15,820. . 

15.. 
.. 130.. 

.. 142 . . 

. .0.574 average. . 

..1.25 . 

..1.62 . 

..5.75 . 

• • ■ 5.08 average. 

... 1.00 . 

. . 1.605 . 

. . 6.18 

.0.0333 average 

. .0.014 
. .0.0297 

0.405 

Leased . 1 

16. . 

22. . 

1. . 

. . 22 . . 

. 1. . 

. 12. . 

4. . 

. . 55 . . 

.. 1.00 . 

. .0.545 . 

. . 4.00 . 

. . 4.59 .. 

. .0.046 
. .0.0285 

1 

24. . 
26. . 
29. . 
32. . 

. . 52 . . 

7. . 
4. . 
1. . 

.59.. 

. 9. . 

. 2. . 

. 0 . . 

.. 167 . . 

28.. 
2. . 
0 . . 

. .1.135 . 

..1.285 . 

,.0.50 . 

..0.0 . 

. . 2.83 . 

.. 3.11 . 

.. 1.00 . 

’ ! 0 . 037 
. ,0.046 
.0.006 
.0.0 

Total . 

Grand total . 

9. . , 

26. . . 

. . 153 . . 

.5,570. . 

.202 

3,309 . 

... 543 . . 

.16,363. . . 

. .1.32 average .. 

.0.594average... , 

. . 2,68 average., 
...4.94 average. . 

. 0.0355 average 
. 0.0335 average 


wi+1, --- . Panned interruptions. Comr 

with less than one year of operating experience are not included in this table. 


reported covering 436 circuits of 32 These circuits .furnish protection as 
companies. follows: 


Directional compari¬ 
son . 

Transferred trip. 

Blocking. 

Two-wire—a-c. 
Three-wire—a-c 
Four-wire—a-c., 


76 circuits of 16 companies 

20 circuits of 6 companies 
9 circuits of 5 companies 

288 circuits of 18 companies 

21 circuits of 6 companies 
25 circuits of 3 companies 


Phase faults only.48 circuits of 7 companies 

Ground faults only.... 22 circuits of 3 companies 
Phase and ground 

faults.360 circuits of 31 companies 

Backup protection is employed on the 
majority of circuits. 


trippings was reported. Information 
available, however, indicates that a con¬ 
siderable number of these occurred during 
the first few months of service. 

Testing Practice. A total of 30 per * 
cent of the circuits are tested yearly, 66 
per cent semiannually, 2 per cent every 
three months and 2 per cent every month. 

It appears that the presence or absence of 
automatic supervising equipment has no 
influence on the frequency of test. In 
addition certain circuits not equipped 
with automatic supervision are checked 
for continuity, either daily or on every 
shift. 

Conclusions 

In conclusion it may be stated that an 
analysis of the replies received indicates 
that pilot-wire circuits have performed 
in a satisfactory manner and that the 
use of this form of protection is increasing. 
Certain difficulties experienced initially 
have been overcome successfully in 
practically all cases. Only one com¬ 
pany reported the discontinuance of this 
form of protection because of unsatis¬ 
factory experience. 

The replies to the questionnaire as 
received from the various operating com¬ 
panies have been tabulated and are given 
in Tables I and II. 


214 Transactions 


Pilot-Wire Circuits 


Electrical Engineering 

























































































Cooling Power Transformers by Forced 
Circulation of Cooling Medium 

K.JK. PALUEV L. H. BURNHAM 


MEMBER AIEE 


ASSOCIATE AIEE 


Synopsis; The paper discusses the various 
methods that have been used in cooling 
power transformers by forced circulation of 
the cooling medium, and points out the 
benefits 

1. To the war effort in the saving of critical ma¬ 
terials. 

2. To the user in first cost, shipment, installation, 
station layout, and mobility. 

The selection of proper control equipment 
is analyzed from the standpoint of protection 
and reliability of forced cooling. 

The relation between hot-spot and aver¬ 
age winding temperatures and the future for 
forced cooling after the war is discussed. 

General 

A FEW years ago a study made of the 
service experience with transform¬ 
ers indicated that a satisfactory level of 
reliability had been reached. It was de¬ 
cided then to direct the major efforts of 
developmental work towards greater 
economy of transformer application by 
making savings in material, space, and 
weight and at the same time maintaining 
the level of reliability demanded by in¬ 
dustry. To accomplish this aim many 
novel ideas were incorporated into a new 
transformer design. A developmental 
single-phase transformer of 14,500 leva, 

* 135,000 to 11,000 volts was built. Figure 
1 shows the core and coils with cover and 
bushings attached. In this novel unit 
radical savings in weight and dimensions 
were made as compared with a conven¬ 
tional self-cooled transformer of the same 
rating having the same electrical charac- 
. ^eristics. Data obtained on this trans¬ 
former demonstrated that such savings 
can be realized. 

Further saving would have resulted 
from the use of the high-permeability 
cold-rolled silicon steel used in wound-core 
transformers. 

This transformer was metal-sealed and 
designed to be shipped completely as¬ 
sembled, filled with insulating liquid, and 
with bushings in place. 

The windings were made concentric 

Paper 43-56, recommended by the AIEE com¬ 
mittee on electrical machinery for presentation at 
the AIEE national technical meeting, New York, 

N; Y., January 25-29, 1943. Manuscript sub¬ 
mitted December 7, 1942; made available for 
printing December 21, 1942. 

K , K. Palubv is research and design engineer, and 
L. H. Burnham is electrical engineer, both with 
General Electric Company, Pittsfield, Mass. 
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cylindrical type which are ideally adapted 
to forced cooling. A cross section of these 
windings is shown in Figure 2. Forced 
cooling was one of the most important 
features of this new design. 

I. Benefits to the User of Forced- 
Cooled Transformers 

1. Significant reduction in the first 
cost of the transformer due to great re¬ 
duction in total material. 


assembled, where weight is the limiting 
feature. 

3. A reduction of about 50 per cent in 
over-all volume of transformer means: 

{a). A saving in floor space and head room 
of installation. 

(b) . Easier handling operations. 

(c) . Raising to about three times the maxi¬ 
mum kilovolt-amperes of a transformer that 
can be shipped assembled, where size is the 
limiting feature. 

4. Shipping the transformer com¬ 
pletely assembled with all cooling equip¬ 
ment attached means: 

(a) . Economy of time and money at instal¬ 
lation which may amount to several thou¬ 
sand dollars per transformer, for a very large 
unit. 

(b) . Greater security of operation because 
of elimination of field work. 

5. Shipping transformers completely 



Figure 1. Internal view of a single-phase 
1 ^SOO-kva 135-kv grounded-wye power 
transformer cooled by forced-air and forced-oil 
flow 

2. The greatly reduced weight results 
in: 

e 

(a) . Saving in transportation cost. 

(b) . Saving in installation expense, both 
in the foundation and handling. 

(c) . Almost doubling the maximum kilo¬ 
volt-amperes that can be shipped completely 



rp ELECTROSTATIC 
SHIELO 


Figure ,2. Cross section of top end of windings 
of transformer in Figure 1 showing directed oil 
flow 

assembled permits metal sealing of prac¬ 
tically all oil joints , such as bushings, 
cover, and so forth, and means: 

(a) . Elimination of practically all gaskets. 

( b ) . Permanence of tightness of joints, with 
greater strength. 

(c) . A reduction in the chances for oil 
contamination by moisture and oxygen from 
the air. 

6. In transformers where the watts 
per square inch dissipated are low, or 
where the turn and coil insulation is rela¬ 
tively thin, there is a reduction in the dif¬ 
ference between the average temperature 
of the winding and the hottest spot. This 
permits overloading of the windings with¬ 
out exceeding 65 degrees centigrade hot¬ 
spot rise, thereby gaining in economy of 
transformer design without a reduction 
in reliability. 
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7. Remote installation of cooling Figure 3 (above, and right), 
equipment may be applied to either new One of the first applications of 
or old transformers; this introduces new 0, l a * r coolers with finned tubes 


possibilities in station layout with the 
opportunity of utilizing the heat dissi¬ 
pated by the cooler. 

II. Reliability 

For some decades large transformers 
have been built with forced circulation of 
the oil, generally cooled by an oil-water 
cooler, with the oil circulated through 
both the transformer tank and the cooler 
by means of a pump. Several million 
kilovolt-amperes of transformers built in 
this way are in service today. Each unit 
is provided with its pump and cooler. 
Service experience has been entirely satis¬ 
factory, except for the inconvenience 
occasioned by the leakage of oil through 
the stuffing box of the pump and also the 
maintenance of the stuffing box. Instances 
of large installations of the oil-water 
cooled-type transformers built by the com¬ 
pany with which the authors are associ¬ 
ated are 28 units of 26,667-kva 161-kv 
single-phase transformers and 10 units of 
27,500-kva 230-kv single-phase trans¬ 
formers. 

An application of the oil-air cooler 
type made about a decade ago includes 
several 25,000-kva transformers which 


used to cool transformers by 
forced circulation of oil and air 

were cooled by forced circulation of oil 
through the transformers and through 
the fin-type coolers with a blast of air 
forced rapidly across the external surface 
of the fin tubes (Figure 3). 

During the past several years, a large 
number of forced-cooled transformers 
have been built for use on electric locomo¬ 
tives as shown in Figure 4. This trans¬ 
former design was the result of a joint 
undertaking by the Westinghouse Elec¬ 
tric and Manufacturing Company .and 
the General Electric Company. 4 - 5 In this 
transformer, the Askarel,* cooled by a 
rapid blast of air, was not only forced 
through the cooler, but also directed and 
forced through the coil ducts in the wind¬ 
ings at a velocity much higher than nor¬ 
mally created by the thermal head pro¬ 
duced by the losses in a transformer wind¬ 
ing. Also, it is many times the velocity 
used in the transformers previously men¬ 
tioned, where the oil-water and the oil- 
air coolers were used. An excellent serv¬ 
ice record has been maintained in this 
locomotive application. 

* Noninflammable synthetic insulating and cooling 
medium. 



Figure 4. A 4,850-kva 12-kv 
electric-locomotive transformer 
cooled by forced-air and di¬ 
rected forced-oil flow 


Service experience with small cooling 
fans for over a decade has been unusually 
successful, since over 15,000 of these fans 
have been installed on air-pressure cooled 
transformers, Type OAP } totaling mil¬ 
lions of kilovolt-amperes and to the best 
of our knowledge without a failure of one 
fan or its motor A 7 - 8 Furthermore, much 
experience with fans and fan motors was 
secured with air-conditioning devices 
used for industrial purposes. 

Based upon this extended field experi¬ 
ence in the application of oil pumps, mo¬ 
tors, and fans, we felt justified in pre¬ 
senting this type of station and portable 
transformer, which utilizes all of these ac¬ 
cessories (Figures 5, 6, 7). The interest 
shown in this new development during the 
last few years confirms this viewpoint. 

While in the present emergency the 
scarcity of materials gave strong impetus 
to the use of forced-cooled transformers, 



Figure 5. A 40,000-kva 135-kv power trans¬ 
former cooled by forced-air and forced-oil 
flow 
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Figure 6. A 2,500-kva 33-kv 
mobile substation with trans¬ 
former cooled by forced-air 
and directed forced-oil flow 


the development and application of this 
type of transformer was undertaken be¬ 
fore the emergency and was justified by 
normal conditions. 

III. Nondirected- and Directed- 
Flow Forced-Cooled Transformer 

There are two types of forced-cooled 
transformers: those with nondirected and 
with directed flow of oil through the wind¬ 
ings. 


Whenever the oil from the pump flows 
freely inside the tank, with the flow of oil 
through the windings produced by the 
thermal head or natural convection, the 
transformer is a nondirected-H ow type 
(Figure 3). 

On the other hand, if by the use of oil 
stops or baffles, the principal part of the 
oil from the pump is forced to flow 
through the windings of the transformer, 
it is a directed-flow type (Figures 1, 2, 4). 


With nondirected flow, the advantage 
gained by forced cooling is that the oil is 
cooled to a predetermined value, which 
permits the use of a shorter tank and a 
reduction in size, weight, and cost of the 
cooling means (see item 4 of Table I). 
Some reduction in the amount of mate¬ 
rial used in the core and windings is pos¬ 
sible. 

With directed flow, additional savings 
are possible in the material used in the 
core and winding, resulting in a further 
reduction in the total weight of the trans¬ 
former, as shown by items 5 and 6 of 
Table I. 

In both of these cases, the cooling 
equipment alone occupies about ten per 
cent of the volume and 25 per cent of the 
weight of radiators required by a self 
cooled transformer to dissipate the same 
loss with the same oil rise. 

Nondirected flow may be applied to 
transformers already installed, either to 
increase the output, or to eliminate the 
use of water in water-cooled transformers. 




For application of directed flow, a 
standard line of very economical cooling 
equipment has been developed and covers 
the entire range of power transformers. 
To obtain minimum cost, advantage was 
taken of mass production of these forced- 
oil forced-air coolers. 

The fan motors are protected by over¬ 
load relays built into the motor to prevent 
damage, in case of accidental stopping or 
blocking of the fan (Figure 8). 

To eliminate the troubles with pump 
stuffing boxes, and to further increase re¬ 
liability of the pump, a variety of oil- 
immersed motor pumps has been de¬ 
veloped to serve transformers for the vari¬ 
ous applications (Figure 7). The motor is 
immersed and rotates in the transformer 
oil, which circulates continuously through 
the motor jacket, to cool the motor wind¬ 
ings and to lubricate the bearings. 


Figure 7. External 
views of oil-im¬ 
mersed motor pump¬ 
ing units 



Intat 


Outlet box 
to motor 
bushings 
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IV. Cost of Forced Cooling 


Table I 




Oil in 


Air 

Outside 

Radiator 

Water 

Outside 

Radiator 

Total 

Weight 

Winding 

Tank 

Radiator 

1 

Thermal flow. . . 

. . . Thermal flow. . . 

. . .Thermal flow. . . 

. . .Thermal flow. . , 


100 

2 

Thermal flow. . . 

. . .Thermal flow. . . 

. . . Thermal flow. . . 

.. . Forced 


... 82 

3 

Thermal flow. . . 

. . .Thermal flow. . . 

. . .Thermal flow. . . 

. . .Thermal flow. . 

. .. Spray.. . 

. . . 79 

4 

Thermal flow. . . 

. . . Forced. 

... Forced. 

. . . Forced 


... 73 

5 

Forced. 

.. . Forced. 

. . . Forced. 

. . . Forced. 


55 

6 

Forced. 

. . .Forced. 

. . . F orced. 

. . . Forced. 

...Spray. . . 

. . . 50 


Water-cooled and forced-oil forced-water transformers are not included. 


The cost to the user of coolers with 
forced flow is not limited to the cost of 
the cooling equipment alone but must 
also include the cost of the capitalized 
power input to operate the fans and pump 
motors. In addition, the cost of the cool¬ 
ing water must be considered whenever 
forced-oil forced-water coolers are used 
(Figure 9). Figure 10 shows the relation 
between the relative cost of the cooler 
and the power input to the cooling me¬ 
diums—also the combined cost of the 
power and the cooler. Various pro¬ 
nounced economical balances exist be¬ 
tween the cost of the cooling equipment 
and the cost of power input. 

Wherever capitalization of power is 
high, further economy in operation may 
be obtained by sectionalizing the cooling 
equipment, controlling it by the tempera¬ 
ture of the windings or the oil, and using 
only that portion of the cooling equipment 
necessary to maintain the desired tem¬ 
perature. It should be noted, however, 
that this practice causes a reduction in 
insulation life. 

V. Hot-Spot Temperature of the 

Winding 

The life of a transformer winding de¬ 
pends upon the temperature of its hottest 
spot and not on its average temperature. 

A margin of ten degrees centigrade be¬ 
tween the average and the hot-spot tem¬ 
perature is specified by AIEE rules, be¬ 
cause the measurement of the tempera¬ 
ture of hottest spot during the commercial 
acceptance test is impractical. 

The heat generated in a winding con¬ 
ductor, depending on the position of the 
conductor in the winding, passes consecu¬ 
tively through from 9 to 12 thermal 
regions before it reaches the ambient 
cooling medium, whether it be water or 
air. The temperature drop through each 
one of these regions is governed by a dif¬ 
ferent law, but in spite of this our de¬ 
velopmental and commercial tests indi¬ 
cate that the average temperature of a 
transformer winding cooled by thermal 


oil circulation can be computed within one 
to three degrees centigrade. 

The causes for differences in tempera¬ 
tures in various parts of the windings may 
be grouped in four classes; solid insula¬ 
tion, distribution of losses, velocity of oil 
flow, and oil temperature gradient. 

Solid Insulation. From the stand¬ 
point of temperature, solid insulations 
between copper and adjacent oil can be 
subdivided as follows: 

1. Insulating tape on coils. 

2. Turn insulation. 

3. Spacing strips and channels. 

4. Insulating collars. 

5. Layer insulation. 

Distribution of Losses. Heat gener¬ 
ated in the copper of the various parts of 
the winding may vary because of: 

1. The variation in eddy loss caused by the 
difference in location of the coil or turn in 
the leakage flux field. 

2. Differences in eddy loss due to variations 
in the size of conductor and its width and 
thickness. 


3. Unequal current distribution between 
parallel conductors in the case of imperfect 
transpositions of these conductors. 

Velocity of Oil Flow. Variations in 
velocity of oil flow may be caused by: 

1. A change in cross section of an oil duct. 

2. The distribution of oil between parallel 
oil ducts of unequal hydraulic resistance, 
caused by difference in length or cross sec¬ 
tion of the duct, and disposition of the 
spacers and insulating collars. 

3. The interference of the core leg in 
interleaved winding construction. 

Oil Temperature Gradient. The tem¬ 
perature of the oil in its course through 
the winding increases continuously as the 
oil absorbs heat from the coils. 

VI. Comparison of Temperature 
Distribution in Self-Cooled and 
Directed Forced-Cooled Windings 

Since one of the main advantages of 
directed forced cooling of transformers is 
the radical reduction in weight of the 
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Figure 8 (left). 
Three-fan section of 
oil air cooler 


Figure 9 (right). A 
7,250-kva 69-kv 

power transformer 
cooled by forced 
water with forced-oil 
flow 
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windings, the copper loss per pound of 
winding is higher in forced-oil cooled 
than in self-cooled transformers. On the 
other hand, in forced cooling, where the 
heat transfer from the winding to the oil 
is more effective for a given temperature 
rise, relatively smaller winding surface 
needs to be exposed to the oil. For these 
two reasons, the watts per square inch of 
winding surface exposed to oil in a di- 



Figure 10. Relative cost of cooling trans¬ 
former oil as a function of the power input to 
the cooling equipment 


rected forced-oil cooled transformer is 
usually considerably greater than that 
used in a self-cooled transformer. 

Furthermore, because of improvement 
in the space factor of the windings and the 
use of a smaller core section, the leakage 
flux density may be substantially higher 
than in self-cooled transformers. 

Therefore, the temperature variations 
produced by nonuniform distribution of 
solid insulation and of losses are greater 
in directed-llow forced-cooled transform¬ 
ers than in self-cooled transformers. 

In self-cooled transformers the motive- 
force causing heat-bearing oil to move 
away from hot surfaces increases with the 
amount of heat dissipated. Therefore, 
every part of the winding exposed to the 
oil and dissipating heat provides its own 
local motive force to carry away the heat. 
This tends to reduce the difference in tem¬ 
peratures produced either by restrictions 
to oil flow or by variation in heat dis¬ 
sipated per square inch of winding area. 

On the other hand, in directed forced- 
cooled transformers, the oil circulation is 
produced by the oil pump, and at times its 
direction may be even contrary to the 
thermal flow of the oil. Therefore, the 
self-equalizing effect that plays such an 
important part in minimizing temperature 
differences in self-cooled transformers is 
essentially absent in forced-cooled trans¬ 


formers. For this reason it is very im¬ 
portant that the complete structure be 
designed so that the forced oil flow dis¬ 
tributes in a manner that produces pre¬ 
determined temperature distribution. 

The oil-temperature gradient, that is, 
the difference in temperature of oil in 
contact with the winding at the entrance 
and exit of the oil path, is proportional to 
the heat absorbed by the oil and inversely 



Figure 11. Comparison of oil temperature 
gradient and the resultant winding gradient in 
self-cooled and directed forced-cooled trans¬ 
former 


sponsible for the reduction in difference 
between the hot-spot and average winding 
temperature (Figure 11). 

For example, with a gradient of 15 de¬ 
grees centigrade for thermal oil flow, and 
three degrees centigrade for directed 
forced-oil flow (meaning that five times 
as much oil is forced as would flow natu¬ 
rally), and assuming the average oil tem¬ 
perature and all other factors influencing 
the temperature to be the same, part of 
the winding at the exit end of the oil path 
in the first case will be approximately six 
degrees centigrade higher than in the 
second case. It also follows that the dif“ 
ference between average and hot-spot 
winding temperatures, contributed by oil- 
temperature gradient alone, in the forced- 
how case is only l 1 / 2 degrees centigrade. 
However, it would be a fallacy to assume 
that this represents the entire difference 
between the liot-spot and the average 
temperature, since it would require neg¬ 
lecting all other contributing factors. 

VII. Types of Oil Flow in Windings 

Commonly, two types of coils are used 
in power transformer windings; pancake 
or disk coils, and cylindrical or barrel 
coils. Through these two types of wind¬ 
ings, three directions of oil flow are pos¬ 
sible: axial, radial, and transverse, as 
shown by Figure 12. In the axial and 
radial flows, the oil stream is parallel to 
the spacers. In the transverse flow, most 
of the spacers cross the oil stream and 
cause it to follow a complex path. 



proportional to the velocity of oil flow. 

In both self-cooled and forced-air¬ 
cooled transformers, this oil gradient is of 
the order of 10 to 15 degrees centigrade. 
In directed forced-cooled transformers, 
the amount of oil forced through the 
winding is many times greater than 
would flow naturally because of winding 
heat, and therefore the gradient is pro¬ 
portionately smaller, being only a few 
degrees. This is one of the very impor¬ 
tant thermal characteristics of directed 
flow, forced-cooled transformers, that is re¬ 


in forced-cooled transformers, the tem¬ 
perature drop through the oil film at the 
coil surface depends upon the oil velocity 
in the duct, as shown by Figure 13. 
Therefore, when it is desired to maintain 
uniform temperature rise of copper over 
adjacent oil with thickness of solid insula¬ 
tion and uniform watts per square inch on 
the coil surface, it is necessary that the 
oil velocity be constant along the winding 
surface. 

In concentric cylindrical coils the spac¬ 
ers are axial and the ducts are uniform in 
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cross section; therefore, the oil flow is 
parallel to the spacers, and its velocity is 
constant (Figure 12A). 

With radial flow, the oil velocity at the 
inner edge of the disk coil is higher than 
at the outer edge, in the ratio of the per¬ 
imeters (Figure 12B). In power trans¬ 
formers, with the high- and low-voltage 
windings located concentrically, the ra¬ 
dial width of the disk coil is a small frac¬ 
tion of its mean radius; therefore, the 
difference in the oil velocities is very small. 

With transverse flow, the core leg or the 
insulating barriers inside the coil causes 
considerable variation in cross section of 
the oil duct. The ratio of the maximum 


Uniform oil velocity is desirable where 
losses per square inch of winding surface 
and the thickness of the solid insulation 
between the copper and the oil are uni¬ 
form. However, wherever these two fac¬ 
tors vary, it may be desirable to modify 
the oil velocity to counterbalance the in¬ 
crease in temperature caused by either 
greater thickness of insulation or higher 
watts per square inch dissipated by the 
oil surface. 

For example, at the ends of both high- 
voltage coils, Figure 2, extra turn insula¬ 
tion is used to withstand possible con¬ 
centration of transient voltage stresses. 
In addition, the watts per square inch 
on the inner coil adjacent to the low-volt- 


temperature drop, T s (Figure 11) across 
the turn insulation in forced-cooled trans¬ 
formers is greater than in self-cooled in 
the ratio of watts per square inch used. 

In forced-cooled transformers the tem¬ 
perature drop T 0 across the oil film is re¬ 
duced radically by the high velocity of the 
oil flow, and therefore, in spite of the high 
watts per square inch, this temperature 
drop may be even smaller than in the self- 
cooled transformer. On this account, T s 
in directed forced-cooled transformers 
may be equal to or even greater than T 0 
instead of being a small fraction thereof, 
as commonly found in self-cooled trans¬ 
formers. 
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OIL VELOCITY 

Figure 13. Relation between velocity and 
temperature rise of windings over oil for same 
watts per square inch on the coil surface 

cross section of the duct to the minimum 
is equal to D/D - d, where D is the outside 
diameter of the disk coil and d the inside 
diameter. It results in a ratio of oil ve¬ 
locities in the two parts of the duct of 
1:/1 i=D/D—d, which may be 2:1, and 

sometimes even higher. 

Further, the core or the insulating 
cylinder inside the coil “casts a shadow” 
on the downstream side, so that part of 
the coil surface may have an oil velocity, 
Is, only one half of the entrance velocity, 

. '■ 0n account of this unequal distribu¬ 
tion, the ratio between the maximum and 
the minimum velocity V 2 /V 3 may be as 

h.gh a S4:1 . This unequal distribution 

of oil flow may cause a temperature drop 
across the oil film in the “shadow” to be a 
fraction of a degree to several degrees 

where" th^ T ^ Part ° f the windin S 
mSml eVelOC,ty ° fthe0ilfl --the 
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age winding may be higher than in the 
outer coil on account of increased eddy 
losses. This occurs wherever a coil is 

-adjacent to the opposite winding and 

therefore is in the leakage flux of maxi- 

_mum density. In such a case the eddy 

losses may be three times the average 
eddy loss of the entire winding. 

In the given example two radically dif¬ 
ferent problems are involved: 

1. To adjust the volume and velocity of 
oil flow in parallel ducts in order to equalize 

-the temperature of the two coils having 

different watts per square inch of surface. 

S_ 2. To equalize the temperature in two 

S/ parts of the same coil having different thick- 

^ nesses of turn insulation, by varying the oil 

__ velocity. 

Parallel Ducts 

To compensate for the increase in watts 
per square inch due to the greater eddy 
'f an loss, by means of an increase in oil ve- 
ice locity, the duct around the inner coil must 

be made correspondingly larger than the 
duct around the outer coil. The reason 
mum for this is that for any given oil pressure, 
tside not only the total oil flow in the duct, but 
iside also the velocity of oil flow increases with 
1 ve- an increase in size of the duct. Figure 14 ' 

-t of shows how much larger this inner duct 

and must be than the outer duct in order to 
obtain the desired reduction in tempera- 
iting ture drop across the surface film, 
ow” However, this method of balancing 
■t of temperature by oil flow in parallel duct° 
^ty, is not always practicable because of the 
nty, following considerations. 

ibu- At the present time, to conserve copper 
and m the directed forced-flow transformers 
= as the watts per cubic inch of copper and 
hon watts per square inch of the winding sur- 
■rop face exposed to oil are much greater than 
* a are used in self-cooled transfonners. On 
•ees the other hand, the thickness of solid in- 
ng sulation, such as turn insulation, is natu¬ 
rally the same in both self-cooled and 
forced-flow transformers. Therefore, the i 
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DUCT DIMENSION PERPENDICULAR TO 
WINDING SURFACE 

Figure 14. Relation between the size of oil 
ducts and temperature of the winding surface 
for a given watts per square inch 

For example, let T S =T 0 = 7.5 degrees 
centigrade. Thewindingriseoveradjacent 
oil will be T W =T S +T 0 = 15 degrees centi¬ 
grade. Assume that the inner coil (Figure 
2) on account of greater eddy loss, has 20 
per cent more watts per square inch than 
the outer coil. Its temperature rise over 
oil will be IS degrees centigradeX 1.2 = 
18 degrees centigrade. To reduce the 
rise to 15 degrees centigrade, by increas¬ 
ing the oil flow in the duct, means that 
the temperature drop across the oil film 
must be reduced from 7.5 to 4.5 degrees 
centigrade because obviously the tem¬ 
perature drop through the insulation can¬ 
not be decreased. To accomplish this re¬ 
duction, the duct around the inner coil 
must be made at least four times greater 

than the. duct around the outer coil 
(Figure 14). 

Such an increase in oil duct is entirely 
impractical, not only because additional 
copper and iron would be necessary to 
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avoid increasing the reactance, but also 
because it would result in an inefficient 
use of oil flow. 

Therefore, it is not practicable to equal¬ 
ize the temperature in two coils having 
greatly different watts per square inch, 
merely by the adjustment of the relative 
size of the parallel oil ducts. 

Fortunately, in modern concentric- 
winding transformers the eddy losses 
generally are so small a percentage of the 
I 2 R loss that no difficulty is encountered 
from this cause. 

Series Ducts 

To compensate for the increase in tem¬ 
perature rise, due to the addition of extra 
end-turn insulation, the oil velocity over 
that section of the winding may be in¬ 
creased by reducing the size of the duct 
in accordance with curves given on Figure 
14. This can be accomplished in several 
ways without affecting adversely either 
the amount of active materials or any of 
the transformer characteristics. Since the 
length of these smaller ducts will be a few 
per cent only of the total length of the 
coil, the increase in the resistance to the 
oil flow is insignificant. 

In directed zigzag flow in concentric 
windings, as shown in Figure 15, the ut¬ 
most flexibility exists in the control of the 
oil flow, which is both vertical and radial 
and is obtained by alternating fillers of 
insulation placed on the inside and out¬ 
side of the disk coils. In this manner, 
the velocity and amount of oil and the 
pressure required can be varied widely 
without changing the winding. When¬ 
ever extra insulation is put between the 
copper and the oil stream, the ducts can 
be reduced correspondingly to increase 
the velocity and to compensate to some 
degree for the increased temperature 
drop across the solid insulation. 

Because of the above structural char¬ 
acteristics .of concentric windings, the 
effective use of directed flow of the oil does 
not require a departure from structures 
that have been used for a great many 
years. 

From the preceding analysis it follows 
that the structural features of concen¬ 
tric-cylindrical as well as concentric-disk- 
type transformers naturally harmonize 


with the requirements for the effective 
use of directed-flow forced-cooling: 

(a) . The eddy losses are so small that they 
do not require disproportionately great in¬ 
creases in oil ducts. 

(b) . Increase in temperature rise through 
extia end-turn insulation can be compen¬ 
sated for by increase in oil velocity without 
waste of space or material. 

(c) . The oil flow is always parallel to the 
spacers, and, since the ducts are naturally 



Figure 15. Directed zigzag oil flow through 
concentric windings 

uniform in cross section, the velocity of the 
oil may be uniform when desired. 

(<2). The insulation structure is such that 
it does not interfere with the oil flow or with 
the division of oil between the windings. 

Thus, it is interesting to observe once 
again the extraordinary structural har¬ 
mony that exists in concentric-winding 
transformers. This harmony, as has 
been described to the Institute before, is 
the main cause behind the evolution of 
transformer structures from interleaved 
to concentric windings. 51 

VIII. Emergency Load 

To prevent injury to directed-flow 
forced-cooled transformers, in case of an 
emergency created by an interruption of 
the power supply to the pump and fans, 
these directed-flow transformers may be 
designed to continue to carry 100 per 
cent load for one hour or more after the 
pumps and fans have stopped. The tem¬ 
perature rise of the winding hot spot at 
the end of this period will not exceed the 
limit recommended by the AIEE trans¬ 
former subcommittee interim report, 
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IX. Conclusion 

It is obvious that, with so many meth¬ 
ods of cooling now available to the de¬ 
signer, a great variety of combinations of 
cooling methods is possible. Each one of 
these combinations has its own advan¬ 
tages under certain conditions of opera¬ 
tion, but the greatest economy in space 
and materials is attained by the use of 
the directed forced-oil method of cooling. 
Tl:e over-all gain in materials used in the 
core and coils can be illustrated by the 
following simple example: The core and 
coils of a typical self-coolcd, high-voltage 
10,000-kva transformer, with 55 degrees 
centigrade average winding rise and 05 de¬ 
grees centigrade hot-spot rise, when ar¬ 
ranged for directed, forced oil flow, will 
carry continuously 16,607 kva, and meet 
the same temperature limits. 
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Shunt Capacitors 


AIEE COMMITTEE ON POWER TRANSMISSION AND DISTRIBUTION 

General Systems Subcommittee 


T H E Institute at present is fostering a 
i program encouraging discussion of 
means of obtaining greater loading out of 
existing equipment. As part of this pro¬ 
gram the general systems subcommittee of 
the power transmission and distribution 
committee has undertaken the task of 
analyzing what can be done with genera¬ 
tors of reactive power in reducing the 
kilovolt-ampere demand upon system ele¬ 
ments, thereby releasing more of the sys¬ 
tem capacity for useful kilowatt loading. 

_ A discussion of this subject is greatly 
simplified by using the expressions kilo- 
vars, to refer to the reactive power and 
kilovolt-amperes, to refer to the product 
of volts and amperes. It is recommended 
that greater use be made of this distinc¬ 
tion which has been recognized by the 
American Standards Association. 

The breakdown of kilovolt-amperes into 
its two components, kilowatts and kilo- 
vars, is receiving greater and greater ac¬ 
ceptance in the industry. Each compo¬ 
nent is being considered as a separate and 
distinct entity, even to the extent of not 
using necessarily the same direction of 
flow in the system. Thus an overexcited 
generator is usually considered as feeding 
both kilowatts and kilovars into the sys¬ 
tem. An overexcited synchronous motor 
is usually considered as taking kilowatts 
from the system but feeding kilovars into 
the system. In the former case, the direc¬ 
tions of flow are the same, whereas in the 
latter^ case they are different. A shunt 
capacitor is thought of as feeding kilovars 
into the system. Thus, without attribut¬ 
ing a sign to kilovars, the operator dis¬ 
patches this quantity and provides for 
reversal of the quantity by the device of 
referring to the flow in or out at that 
point of the system. For some purposes 
it is desirable that the positive sense of 
flow of kilovars be in a certain direction. 
This makes it necessary that a distinction 
be made between a positive and a negative 
kilovar, and therefore a sign must be 
added before the number representing the 
kilovar. In order to be consistent, the 


foregoing type of kilovar will be regarded 
as positive, and, when occasion arises to 
reverse the flow of kilovar without revers- 
ing the positive sense of flow, a negative 
sign should be used. Thus an over¬ 
excited generator may be regarded as 
drawing negative kilovars from the s V s- 
tem. 

It is interesting to note that this con¬ 
ception of the positive kilovar is in direct 
conflict with the definition given by the 
American Standards Association. 

While this report is concerned pri¬ 
marily with the use of capacitors as gen¬ 
erators of kilovars, many of the conclu¬ 
sions drawn herein can be applied equally 



to other generators of kilovars, such as 
overexcited synchronous machines. 
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Capacitors for power-factor correction 
first made their appearance as early as 
1914. By 1928 the total kilovolt-amperes 
installed was approximately 260,000. At 
the end of 1938 the total had risen to 
1,400,000 leva, and by the end of 1941 
the estimated total installed capacity was 
3,000,000 kva. In 1942 the totaj kilo¬ 
volt-amperes of capacitors which will be 
produced has been estimated at 2,500,000, 
which would bring the total estimated in¬ 
stalled capacity as of January 1, 1943, 
to about 5,500,000 kva. 

Prior to 1932 all power capacitors were 
of the oil-type construction. The use of 
chlorinated aromatic hydrocarbon im¬ 
pregnating compounds and other ad¬ 
vances in tlie art brought about sharp 
reductions in size and weight. Today, 
complete outdoor capacitor installations 
weigh five pounds or less per kilovolt- 
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ampere, as contrasted with 15 or 20 
pounds per kilovolt-ampere in 1925. 
Prior to 1937 practically all capacitors 
were installed in industrial plants. The 
development of outdoor-type units elimi¬ 
nating steel housings and other acces¬ 
sories resulted in a further increase in the 
use of capacitors. 

■ . The improvement in capacitor design 
is^ best reflected in the size and weight. 
Figure 1 illustrates the results of develop¬ 
ment in the period between 1924 and 
1942. The general acceptance of capaci¬ 
tors has been due to the following: 

1. Redulction in selling price. 

2. Improvement in design and manufac¬ 
turing methods resulting in decrease in size 
and weight. 

3. . Development of outdoor pole-type 
units and standardized mounting brackets. 

4. Reduction in failures. 

5. Better understanding of system benefits 

which accrue from their use, such as release 
of system kilowatt capacity and low loss as 
compared to other means of supplying kilo¬ 
vars. ” ° 

Fhe fact that they require the least 
critical material to supply kilovars. 

7. The fact that, for the war emergency, 
manufacturing facilities are more available 
than for other means of supplying kilovars. 

General Features 

Capacitor banks are usually made up 
of standard 15 kva-units. A test voltage 
of somewhat over twice rated voltage is 
applied from line to line. The normal 
service voltage should not exceed 115 per 
cent of the rated voltage for standard 
voltage ratings of 575 volts and below and 
110 per cent for standard voltage ratings 
above 575 volts. Capacitors should not 
be applied to circuit voltages in excess of 
five per cent of their rating. The line-to- 
ground test voltages vary with indoor or 
outdoor type and range from 43 times 
rated voltage for the 230-volt outdoor 
capacitor to twice for the 13,800-volt in¬ 
door capacitor. 

Protection 

Capacitors connected to ground reduce 
the magnitude of surge voltages to ground 
that occur on systems and, with some 
risk, may not require arresters for their 
protection. 1 Ungrounded capacitors 
should, however, be protected by arrest¬ 
ers. Discharge devices are usually built 
into the capacitor, so that, when the 
capacitor is de-energized, any remaining 
charge is dissipated as a safety precau¬ 
tion. 

Short-circuit protection is required pri¬ 
marily with capacitors for detecting and 
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removing a faulty unit without causing 
other protective devices to operate, and 
for removing the unit before the internal 
arc generates sufficient pressure to burst 
the case which might cause additional 
damage. The requirements for wye- 
grounded and delta banks as contrasted 
with those of the wye-ungrounded banks, 
warrant a separate discussion for each. 

For wye-grounded or delta banks a 
faulted capacitor unit requires that the 
fuse individual or line—interrupts the 
full-system short-circuit current. Thus, 
on large systems, the fuse requirements 
can become very heavy, and, because of 
fuse limitations, these type banks have 
limitations. 

For wye-ungrounded banks the current 
through a faulted unit is only three times 
the normal current of the capacitors con¬ 
nected to that particular phase and is 
neutral, since it is limited by the capaci¬ 
tors in the two sound phases. Thus, the 
current to be interrupted is sensibly inde¬ 
pendent of the system available short- 
circuit current, and the interrupting re¬ 
quirement of a fuse is under quite 
complete control since the bank is divided 
into sections. Thus, a system with large 
short-circuit requirements can have ca¬ 
pacitors applied to it with low-capacity 
fuses of the individual or line type. 
Grouping several capacitors under a 
single line fuse offers many useful arrange¬ 
ments. 

In these floating neutral equipments 
the short-circuit current generally can be 
reduced to such a value to allow circuit 
breakers controlled by relays to discon¬ 
nect the bank before a faulty unit bursts. 
Three such schemes are: 

1. A current transformer is placed in the 
neutral between the two groups to energize 
a current relay for initiating the tripping of 
the circuit breaker when objectionable un¬ 
balance occurs. 

2. A voltage transformer is placed between 
the neutrals of the two groups to energize a 
voltage relay which initiates the tripping of 
the capacitor circuit breaker when objec¬ 
tionable unbalance occurs. 

3. A voltage transformer is connected 
across each capacitor phase with the sec¬ 
ondary windings in series with a voltage 
relay which initiates the tripping of the cir¬ 
cuit breaker when objectionable unbalance 
occurs. 

Harmonics 

The impedance of a capacitor varies 
inversely as the applied frequency. 
Therefore, relatively small harmonic dis¬ 
tortion in the applied-voltage wave form 
may produce very large current-wave dis¬ 
tortion. To allow some harmonic voltage, 
the capacitors being built today, accord¬ 
ing to National Electrical Manufacturers 


< 

> 

* 

Od 

UJ 

a. 

tn 

cc 

< 

o 

o 


f— 


Figure 2. Cost of capacitors as a function of 
rated voltage 

Use lowest cost figure indicated for all 
standard voltage classes 

- Indoor units with racks (1,260-kva 

bank) 

—--Outdoor units with racks (1,260-kva 

bank) 

-- Outdoor single units without rack 

(15 kva) 

Association standards, permit combined 
60-cycle and harmonic kilovolt-amperes 
to equal not more than 135 per cent of 
the capacitor rating. To obtain the 
kilovolt-ampere loading at which a capaci¬ 
tor is operating, expressed as a fraction 
of its rating, with harmonic voltages 
-E 3 , and so forth applied, it is only 

necessary to insert the voltage values in 
the following expression: 

kva = E 1 2 3 -|- 3 E 3 2 -f- 5 Efi 2 -|-. ( 1 ) 

where all voltages are expressed as a frac¬ 
tion of the rated voltage. If only one har¬ 
monic is present in addition to the funda¬ 
mental, the foregoing rule limits this har¬ 
monic to the following: 

( 2 ) 

where n is the order of the harmonic. 

Losses and Ambient Temperature 

The losses of present-day capacitors in 
kilowatts are about one third of one per 
cent of their kilovolt-ampere loading as 
determined by equation 1 . The operat¬ 
ing ambient temperature should not ex¬ 
ceed certain figures which vary with the 
type and the application. For outdoor 
open mounted units this value is 50 
degrees centigrade and for housed units 
between 40 and 50 degrees centigrade, 
depending upon the type of rack. 

Costs 

Costs of capacitors vary with the oper¬ 
ating voltage, being higher at the low and 




high voltages and minimum at inter¬ 
mediate voltages. Figure 2 shows the 
variation of cost with voltage. 

Application of Capacitors 

The three principal benefits that ac¬ 
crue from the application of capacitors 
are: 

1. Reduction in current for the same kilo¬ 
watt load, or reduction in the required kilo¬ 
volt-amperes of equipment for the same 
kilowatt load through the equipment. 

2 . Improvement in voltage level, and, if 
properly switched, improvement in regula¬ 
tion. 

3. Reduction in system Pr and Px losses 

All of these benefits usually go hand in 
hand bnt have different limitations be¬ 
yond which it is uneconomical to install 
additional capacitors. While certain 
benefits can be shown to result by reduc¬ 
ing the current passing through isolated 
pieces of apparatus, the benefits are 
usually more far reaching. Thus, supply¬ 
ing the kilovars at or near the utilization 
point not only reduces the current in the 
distribution circuit feeding the load at 
that point, but the effects are reflected all 
the way back to the generator in that the 
current, the system voltage drop, the 
lb and the Px losses are less throughout 
the entire system. In the following dis¬ 
cussion consideration will be given first 
to the effect of capacitors on isolated 
equipment, and this will be followed by 
consideration of how the entire system is 
affected. These discussions are very 
closely identified with system economics. 

Current Limitation 

When the load on a transformer ex¬ 
ceeds its rating, two alternatives present 
themselves: 

1 . - Additional transformer capacity can be 
added. 

2 . Capacitors can be connected in parallel 
with the load, until the current in the trans¬ 
former or the vector sum of the kilovolt¬ 
amperes of the load and the capacitor falls 
within the rating of the transformer, pro¬ 
vided, of course, the kilowatts of the load 
do not exceed the kilovolt-amperes of the 
transformer. 

Naturally the proper choice depends upon 
transformer and capacitor cost and upon 
the amount of capacitors required. 

Figure 3 illustrates how the application 
of capacitors increases the amount of real 
power that can be carried by a trans¬ 
former. In Figure 3a is shown a trans¬ 
former of unity kilovolt-amperes supply- 
ing a load of 80 per cent power factor. 
Assume first that the capacitor is not con- 
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nected. From Figure 3b it can be seen 
that only 0.8-kw load can be supplied 
without exceeding the rating of the trans¬ 
former. If the load is increased to 0.9 
kw, and the same power factor is main¬ 
tained, then the kilovolt-amperes of the 
load is 0.9/0.8 or 1.125, and the kilovar 
of the load is (0.9/0.8) 0.6 or 0.675. To 
pass a load of 0.9 kw through the trans¬ 
former and still keep within its rating, 
the kilovar as shown by the circle, must 
be limited to 0.435. This can be accom¬ 
plished by placing a capacitor across the 
load which will consume the difference 
between 0.675 kilovar and 0.435 kilovar 
or 0.24 kilovar. The useful load has thus 
been increased from 0.8 to 0.9 kw or 0.1 
kw at the expense of the addition of a 
0.24-kva capacitor. 

The curves in Figure 4c express more 
generally the same results and show the 
total kilowatts that can be passed 
through the transformer as a function of 
the kilovolt-amperes of the capacitor 
connected across the load. The trans¬ 
former is kept loaded at rated kilovolt¬ 
amperes at all times. The curve in 
Figure 4d gives the increase in kilowatt 
load as a function of the capacitor 
kilovolt-amperes and the curve of Fig¬ 
ure 4e the increase in load kilovolt¬ 
amperes. The curve in Figure 4f, on the 
other hand, obtained by dividing the ab¬ 
scissa of curves of Figure 4e by the corre¬ 
sponding ordinate, gives the capacitor 
kilovolt-amperes per increase of load 
kilovolt-amperes again plotted against 
capacitor kilovolt-amperes required. 
This curve is of particular interest, since 
when one multiplies this quantity by the 
cost of the capacitor per kilovolt-ampere, 

10 KVA TRANSFORMER 

^ ^ 1 LOAD 

BOV. P,F 

| KVA *1,125 (o) 

KW *0,9 
K VAR. 0.675 


the product gives the cost of supplying an 
additional kilovolt-ampere of load. This 
cost, neglecting other advantages of the 
capacitor, should be compared with the 
cost per kilovolt-ampere of increasing the 
transformer rating. Thus, if the load is 
70 per cent power factor, and a capacitor 
kilovolt-ampere of 0.4 is added, the ca¬ 
pacitor kilovolt-amperes per increase in 
kilovolt-amperes of the load is 1.65. If 
the capacitor cost is $7.00 per kilovolt- 
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CAPACITOR KVA AS FRACTION OF 
TRANSFORMER KVA 

(9) 

Figure 4. Effect of shunt capacitors upon load¬ 
ing of a transformer 

ampere, theh the increase in ability to 
supply load is obtained at a cost of 1.65 
times $7.00 or $11.55 per kilovolt-am¬ 
pere. If the transformer cost per kilo¬ 
volt-ampere is $10.00, then considering 
the other advantages of the capacitor, 
the latter may be more economical. 

From Figure 4b it is apparent that, as 
the load through the transformer ap¬ 
proaches unity power factor, smaller and 
smaller incremental gains in load are ob¬ 
tained for incremental Increases in ca¬ 
pacitor kilovolt-amperes. Figure 4g gives 
the incremental capacitor kilovolt-am¬ 
peres required for an increment in kilo¬ 
volt-amperes of the load. Expressed 
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Figure 5. Gain in load kilovolt-amperes by 
adding capacitors, maintaining constant voltage 
drop 

mathematically, the ordinate in this 
curve is equal to 

d (capacitor kva) 
d (increase in load kva) 

This curve shows that the iinal increment 
is attained at much greater expense 
than the initial increment. 

In the foregoing a transformer was 
used for illustrative purposes only. The 
same arguments apply equally well to 
any equipment in which current might 
constitute a limiting factor sucli as gen¬ 
erators, cables, regulators, and occa¬ 
sionally overhead transmission and dis¬ 
tribution lines. Consider for a moment a 
generator. Modern 0.8 and 0.9 power- 
factor generators can, in general, be 
operated at full kilovolt-amperes at 
unity power factor. In most cases the 
turbine is capable of delivering this in¬ 
creased power above its rating. However, 
there may be other elements in the electric 
and steam systems that would make it 
undesirable to operate under these condi¬ 
tions. The power generation aspects 
of the problem are being presented in a 
symposium on this subject by the power 
generation committee. The present 
shortage of critical materials for the con¬ 
struction of generators makes this ques¬ 
tion particularly important at this time. 
Since the prime function of generators is 
to deliver kilowatts, they may, where 
additional power is needed, be retained 
for this purpose and the required kilovars 
supplied by other means at or near the 
load. In applying the cost data obtained 
through the use of the curves of Figures 
4f and 4g, it is necessary in this case to 
compare capacitor costs with generator 
costs. In almost all cases it will be found 
that capacitors, to bring the operating 
power factor of the generator to near 
unity, will be justified. Other considera¬ 
tions, such as stability of the generator at 
low excitation, might dictate the extent to 
which the power factor can be corrected. 
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t As wil1 be shown subsequently, addi¬ 
tional advantages, such as reduction in 
losses and improvement in regulation, 
can be obtained by locating the capacitor 
close to the load. Since the system in¬ 
vestment increases per kilovolt-ampere 
delivered as the load is approached, and 
since capacitors decrease the required 
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Figure 6. Effect of adding capacitors upon the 
loss in a feeder, transformer, or other equip¬ 
ment supplying a load 

system kilovolt-amperes per kilovolt¬ 
ampere delivered, it becomes easier to 
justify the application of capacitors at 
points closest to the load. 

Voltage Drop 

The voltage drop in feeders on short 
lines can be expressed approximately by 
the relation 

Voltage drop = RI r -f- XI x ( 3 ) 

where R is the resistance, X the react¬ 
ance, I T the power component of the cur¬ 
rent, and I z the reactive component. 
If a capacitor is placed in shunt across 
the end of the line, the drop becomes ap¬ 
proximately 

Voltage drop = RI r +XI x - XI c ( 4 ) 

where I c is the current drawn by the ca¬ 
pacitor. Thus it is evident that if I c be 
made sufficiently large, both the RI r and 
the XI x drops can be neutralized. This 
expression also shows that, if the voltage 
drop is compensated at full load, then at 
light loads, as I T and I x become smaller, 
the line is overcompensated, because I c 
is dependent only upon the voltage and 
not upon th,e load. Thus it may be said 
that the regulation of the line is practi¬ 
cally unchanged by the presence of the 
capacitor. The capacitor effects an in¬ 
crease in voltage both at light load 'and at 


full load. At light loads the voltage rise 
might well be so much in excess of the 
normal value as to represent an unde¬ 
sirable or even intolerable condition. 

Because of its lack of voltage control, a 
permanently connected capacitor has 
limitations. However, with suitable con¬ 
trol for switching capacitor banks or sec¬ 
tions of banks in and out, the capacitor 
can be made to control the voltage. 
The control element can be operated 
either by a time switch, from the line 
voltage, by the load power factor or by 
the load kilovars, To date the voltage 
control has received greatest acceptance, 
because in general, it affects directly the 
quantity which it is desired to control, 
although in industrial applications power 
factor and load kilovars have been used 
quite frequently. Switching presents 
new problems unique in capacitor appli¬ 
cations which, however, are susceptible 
to ready solution. These are: 

1. When a capacitor bank is connected to 
a system, the system impedance is usually 
of sufficient magnitude to limit the initial 
inrush to a reasonable value. If, however, 
a section of a bank is switched in while 
another section of an adjacent bank is 
already connected to the system, the low 
impedance between the sections can result in 
large currents of high frequency. Experi¬ 
ence has indicated that this need not be given 
consideration in the general case. 

2. Opening of the capacitor charging cur¬ 
rent under the proper conditions—can re¬ 
sult sometimes in restriking of the arc within 
the breaker, with resultant high transient 
overvoltages. This is essentially a switching 
problem and can be handled adequately 
with properly applied available switching 
equipment. 

The switches need not, however, have 
sufficient interrupting capacity to handle 
the system short-circuit current. Break¬ 
ers are usually supplied for this purpose 
which can also be used as disconnecting 
devices, providing there is a backup 
breaker. For outdoor service suitable 
fuses are also used for this purpose. In 
industrial applications capacitors are 
sometimes connected directly across the 
terminals of a motor and switched on 
and off with it. 

The number of steps to be used in 
capacitor banks depends entirely upon 
the system characteristics, - the total 
drop which it is desired to correct, and 
the increment in voltage change which 
the system can absorb. In this respect 
the switched capacitor is in a position 
similar to the step voltage regulator as 
contrasted to the continuous variation 
of the induction-type regulator. 

To apply capacitors most effectively it 
is desirable that wattmeter, kilovar meter 
and voltmeter records be taken at several 


points throughout the system. These 
will serve as a guide to determine the 
amount of capacitors that should be in¬ 
stalled and also the necessity for and 
number of steps in switching equipment. 

To compare the benefits of line-drop 
compensation by means of capacitors 
with other methods of accomplishing the 
same result, the curves shown in Figure 5 
are provided. These curves show the 
capacitor kilovolt-amperes required per 
kilovolt-ampere increase in load that can 
be supplied without increasing the line 
drop. It will be observed that this 
quantity is a function only of the power 
factor of the load and ratio of resistance 
to reactance of the feeder, transformer, 
or other device. By multiplying the or¬ 
dinate by the cost of a kilovolt-ampere of 
installed capacitor, the cost of supplying 
an additional kilovolt-ampere of load 
without increasing the drop is obtained. 
This figure should be compared with the 
cost to produce the same result by other 
means, such as additional cost per kilo¬ 
volt-ampere of transformer or feeder. 

Reduction in Losses 

When current flows through a circuit 
consisting of resistance and reactance, 
there is in addition to the Pr loss an Px 
loss. The generator must, therefore, in 
addition to supplying the load require¬ 
ments, supply the Pr loss in the form of 
kilowatts and the Px loss in the form of 
kilovars. If the current through the sys¬ 
tem is decreased, then the I 2 r and Px 
losses which the generator must supply 
will decrease. In the case of reduced Pr 
losses, the useful kilowatt loading of the 
generator can be increased by practically 
this amount without requiring more 
fuel. The smaller Px losses reduce the 
kilovolt-ampere loading on the generator 
and thereby release generator current- 
carrying capacity which may be used to 
supply kilowatts. 

Under the present emergency, reduc¬ 
tion in kilowatts (Pr) and kilovars (Px) 
losses has taken on new importance and 
significance. So long as the system has 
adequate reserve, there is some justifica¬ 
tion for those who argue that the kilo¬ 
watt losses should be evaluated in terms 
of the fuel required. However, as the 
reserves become depleted, and the system 
is operated closer and closer to its theo¬ 
retical capacity, losses must be evaluated 
in terms of both the total equipment and 
the fuel required. Under present condi¬ 
tions when generating capacity is difficult 
if not impossible to obtain, reduction in 
losses becomes still more important. 
Capacitors are effective in reducing 
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the current and, consequently, the Pr 
and Px losses. Of course, in the case of 
a transformer or a feeder in which the 
current-carrying capacity is limited by 
thermal consideration, this factor is only 
another facet of the same problem. When 
capacitors are installed near the load, the 
reduction in current affects the loss 
throughout the entire system. Calcula¬ 
tions of reduction in loss under peak load 
conditions have shown that capacitors 
of reasonable amounts, in addition to 
other benefits, might also reduce the sys¬ 
tem generator output by the extent of two 
to four per cent. Figure 6 shows the re¬ 
duction both in Pr and Px losses that 
result by improving the power factor of 
the total load on a transformer or feeder 
by the addition of capacitors, maintain¬ 
ing all the while the same load. 
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Over-All System Performance 

While the foregoing discussion illus¬ 
trates the advantages of the application 
of capacitors from the standpoint of iso¬ 
lated equipment, the full advantages of 

Figure 7. System performance with applica¬ 
tion of shunt capacitors 

Base load at each point C (load center of 
single-phase laterals) 

At time of peak load—100 kw 75 kilovars 
125 kva at 80.0 per cent power factor 
At time of light load—20 kw 30 kilovars 
36 kva at 55.5 per cent power factor 
Total load at points C for 15 circuits 
At time of peak load—13,500 kw 10,125 
kilovars 16,875 kva at 80.0 per cent power 
factor 

At time of light load—2,700 kw 4,050 
kilovars 4,868 kva at 55,5 per cent power 
factor 


Base load on each 240-volt secondary line 
At time of peak load—7.83 kw 5.68 kilo¬ 
vars 9.67 kva at 80.9 per cent power factor 
At time of light load—1.59 kw 2.29 kilovars 
2.79 kva at 57.0 per cent power factor 

Total load on secondary lines 
At time of peak load—12,683 kw 9,208 
kilovars 15,670 kva at 80.9 per cent power 
factor 

At time of light load—2,578 kw 3,707 kilovars 
4,526 kva at 57.0 per cent power factor 
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the capacitor cannot be appreciated with¬ 
out analysis of the entire system. For any 
particular system this analysis can be 
made best on a network calculator or a 
network analyzer. In this case, the ca- 
pacitors can be spotted throughout the 
system and the net result determined 
readily and quickly for both full-load 
and light-load conditions. To illustrate 
the nature of these advantages, M. C. 
Miller has chosen a hypothetical system 
which is sufficiently simple to analyze 
mathematically. The results of this 
analysis were presented before the Edison 
Electric Institute, and a portion of the 
paper is included in this report. The 
chosen system is shown in Figure 7a. 
Briefly, it comprises a generator, step-up 
transformer to 66-kv transmission, a 
step-down transformer to five 12-kv cir¬ 
cuits, each serving a 12-kv to 4-kv sub¬ 
station with three 4-kv distribution cir¬ 
cuits. This makes a total of fifteen 4-kv 
distribution circuits. Emanating from 
the terminals of these three-phase cir¬ 
cuits indicated by the point B are 2.4-kv 
single-phase laterals of which there are 
nine for each 4-kv three-phase feeder. 
Power is stepped down on these lines to 
120/240-volt utilization voltage. The 
loadings for peak and light loading con¬ 
ditions are also given in Figure 7a. In¬ 
stallations of shunt capacitors throughout 
the system were assumed, which are iden¬ 
tified by the case numbers assigned to 
them in the table of Figure 7a. Cases 
1 and 7 assume the same kilowatt load¬ 
ing with no capacitors installed;, the 
loads at the points C for the former being 
' at 80 per cent power factor and for the 
latter at unity power factor. 

The curves in Figure 7 are self-explana¬ 
tory, as they depict the kilowatt, ldlovar, 
kilovolt-ampere, and voltage at different 
points throughout the system for both 
peak-load and light-load conditions. A 
number of details are worthy of special 
comment. 

The kilowatt increases as the generator 
is approached, a fact shown in magnified 
form by the loss curves in Figure 7f. For 
a customer load of 12,700 kw with no 
capacitors, the generator output is 16,500 
kw, representing a system loss of 3,800 
kw or 30 per cent. Of course, the larger 
portion of this loss is unavoidable and 
represents a loss resulting from the trans¬ 
mission of real power only. Note that for 
case 7 for the peak load the kilovar is very 
small, and for practical purposes the 
losses for this case represent the ultimate 
to which they can be reduced; that is, 
they correspond to within one tenth of a 
per cent with the losses that would result 
if the kilovars were supplied at the points 


of origin by capacitors distributed along 
the lines. 

However, the amount by which the 
losses are reduced is still quite substan¬ 
tial. Thus the first increment of capaci¬ 
tors (2,025 kilovars) reduces the losses 
by 360 kw. The effects upon the kilovolt¬ 
ampere output of the generator are very 
much greater. The first increment of 
capacitors (2,025 kilovars) at the load 
reduces the kilovolt-amperes (not kilovars) 
by 2,200 kva at the generator. Figure 
8 shows the effect of additional incre¬ 
ments of capacitor kilovars upon both 
the kilowatt losses and amount of genera¬ 
tor kilovolt-amperes released. The points 
should not necessarily form continuous 
curves, because they represent increments 
of capacitors at different locations 
throughout the system. The difference in 
the losses for cases 6 and 7 represent the 
benefits, as can be seen from Figure 7f, of 
locating capacitors at C instead of B, 
thus decreasing the losses in the circuit 
between, these two points. Even under 
normal national economic conditions it 
appears desirable to relieve the generator 
of the duty of supplying a portion of the 
kilovars and to transfer that function 
to the capacitor. Under present condi¬ 
tions, with the increasing difficulty of 
obtaining fuel, the reduction in losses be¬ 
comes even more important. The re¬ 
striction in the availability of generating 
equipment is fortunately relieved to a 
very considerable extent by apparatus 
which is relatively low in cost and has 
few restrictions as to availability. Con¬ 
sidering the generating capacity of the 
entire country, which is something in 
excess of 25,000,000 kw, it may be seen 
that releasing even as small an amount as 
two per cent makes available 500,000 kw 
of generating capacity. Of course, the 
foregoing considerations are predicated 
upon the ability of the generator to sup¬ 
ply full kilovolt-amperes at higher power 
factor than rated, which is not always the 
case. To a lesser extent, similar consid¬ 
erations permit the installation of smaller 
transformers if the power factor is cor¬ 
rected by capacitors. 

Miller's curves illustrate also what he 
terms the * snowball” or cumulative 
effect upon the reduction in kilovars by 
locating the capacitors as close as pos¬ 
sible to the load. To produce the same 
reduction in kilovars at the generator as 
obtained by 2,025 kilovars of capacitors 
at the load would require 3,000 kilovars 
of' capacitors connected directly across 
the terminals of the generator. This 
constitutes a further argument for placing 
capacitors near the load. 

In applying capacitors, consideration 


should be given not only to the peak-load 
condition but also to the light-load con¬ 
dition. If the capacitors are not switched 
off at light loads, the disappearance of 
the lagging kilovars produces an excess 
of loading kilovars. This produces two 
results: 

1. The generator becomes underexcited 
and this may be dangerous if the system has 
a tendency toward instability. 

2. The voltage rises near the load end of 
the system. 

Provision, of course, can be made to 
switch capacitors off automatically at 
times of light load. Figures 7g and 7h 
illustrate the variation of voltage be¬ 
tween peak load and light load for the 
different cases just discussed. A voltage 
drop in a system is not so serious if it is 
the same at peak and light loads, since the 
voltage level can be corrected by merely 
changing a transformer tap. In the par¬ 
ticular system under consideration it 
will be observed that a voltage drop of 
35 per cent occurs at the time of peak 
load and 11 per cent at the time of light 
load. Therefore, the voltage regulation 
itself is 24 per cent, a magnitude which 
would be intolerable and must be cor¬ 
rected either by switching of capacitors, 
tap changing under load, or induction 
regulators. If, however, at peak load and 
light load the kilovar component of the 
load is compensated by the installation of 
capacitors (case 7), the regulation is only 
15 per cent. This of course, involves 
switching of the capacitors between full 
load and light load. Verification of these 
values can be obtained from Figures 7g, 
h, and i. 

Idle generators are sometimes floated 
on the system to supply kilovars. This 
has the disadvantage that the kilovars 
are not usually supplied at the most ad¬ 
vantageous location and is not available 
when needed most, that is, at peak 
loads when the generator is delivering 
real kilowatts. 

Comparison. Between Capacitors and 
Synchronous Condensers 

In large units synchronous condensers 
constitute a competitor of the capacitor 
and may be more desirable when all fac¬ 
tors are evaluated. The following points 
should be considered in comparing these 
two types of equipment: 

1. A standard synchronous condenser is 
capable of supplying kilovars equal to its 
rating to the system as well as of absorbing 
them to an extent equal to 50 per cent of its 
rating. For those applications requiring 
these characteristics, the comparison should 
be on a basis of the synchronous condenser 
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against the capacitor at full kilovars plus 
a shunt reactor of 50 per cent kilovars. 

2. The fineness of control of the synchro¬ 
nous condenser cannot be duplicated by the 
capacitor unless a large number of switching 
steps are used. 

An instantaneous drop in terminal 
voltage, within practical limits, increases 
the kilovars supplied to the system in the 
case of a synchronous condenser, whereas a 
similar change in the case of capacitors de¬ 
creases the kilovars supplied to the system. 
In this regard the synchronous condenser 
has greater stabilizing effect upon system 
voltages and likewise tends to maintain 
synchronism between machines. Its me¬ 
chanical inertia, in general, has a further 
stabilizing effect upon the other synchronous 
machines comprising the system. By reason 
of these same characteristics, a synchronous 
condenser reduces the effects of sudden load 



Figure 8. Reduction in system losses and re¬ 
duction in kilovolt-ampere loading of the 
generator resulting from the addition of capaci¬ 
tors to the system of Figure 7 

System before addition of capacitors repre¬ 
sented by Case 1 

changes or rapidly varying loads, such as 
drop in system voltage occasioned by start¬ 
ing of a large motor or operation of large 
welders. 

4. For short periods of time the synchro¬ 
nous condenser can supply kilovars in excess 
of its rating at normal voltage, whereas this 
is not the case for capacitors. 

5. The losses of synchronous condensers 
are very much greater than those of capaci¬ 
tors, For synchronous condensers the full¬ 
load losses vary from about 3 per cent for 
3,000-kva units to about l 1 /* per cent for 
very large units of 50,000 to 100,000 kva, 
and for capacitors the full-load losses are 
about one third of one per cent. The no-load 
losses of air-cooled synchronous condensers 
are about 60 per cent of the full-load losses, 
and for hydrogen-cooled synchronous con¬ 
densers about 40 per cent; therefore, at 
fractional loads the losses of the synchronous 
condenser are not in proportion to the out¬ 
put in kilovolt-amperes. For a capacitor, 
however, the losses are proportional to the 
kilovolt-amperes connected to the system. 
Thus, the greater the load factor, the greater 
the benefits of the comparison of losses in 
favor of capacitors. 


6. A comparison of the cost of synchronous 
condensers and capacitors involves an 
evaluation of the losses. Figure 9 compares 
the cost of air-cooled outdoor synchronous 
condensers and capacitors. Three evalua¬ 
tions for losses were assumed 0, $150, and 
$250 per kilowatt. The low losses of the 
capacitors should not be evaluated so highly 
as those for the synchronous condenser, be¬ 
cause, as just mentioned, at fractional loads 
the losses decrease more rapidly than for the 
synchronous condenser. Figure 10 brings 
out the comparison still more clearly in that 
the ordinate is plotted as a ratio of the cost 
of the capacitor to the cost of the synchro¬ 
nous condenser. When losses are evaluated 
at $150 per kilowatt, the costs are equal at 
35,000 kva, and, when evaluated at $250 
per kilowatt, they balance somewhere 
around 100,000 kva. The balancing point 
between capacitors and synchronous con¬ 
densers will vary with voltage and with the 
type of synchronous condenser. 

7. Capacitors lend themselves to distri¬ 
bution throughout the system at several 
locations much more economically than syn¬ 
chronous condensers. Thus they may be 
located at points closer to the load and be 
more effective in their purpose. 

8. ^ The kilovolt-ampere rating of an instal¬ 
lation can be increased or decreased as the 
loads and system requirements dictate much 
more .readily with capacitors than with syn¬ 
chronous condensers and can be installed 
with greater ease. By moving capacitors 
from point to point as required, the installa¬ 
tion of other equipment such as transformers 
may be deferred. Foundations are less im¬ 
portant, and auxiliaries are fewer. 

9. A failure of a single unit comprising a 
bank of capacitors affects only that unit 
and does not jeopardize operation of the 
entire bank. On the other hand, failure of 
insulation in a synchronous condenser is 
less likely to occur than failure of a single 
unit in a bank of capacitors. 

10. Synchronous condensers add to the 
short-circuit current of a system and may 
increase the size of breaker required. On the 
other hand, switching of large banks of 
capacitors may involve large currents. In 
general, however, these currents fall within 
the ratings of circuit breakers. 

11. During the present emergency critical 
materials require consideration. Synchro¬ 
nous condensers require between two and 
three times the critical material required by 
capacitors. There is the further considera¬ 
tion that the manufacturing space ordinarily 
used for synchronous condensers is now being 
used for the manufacture of equipment hav¬ 
ing higher priority rating. Thus, under 
present conditions, comparison between syn¬ 
chronous condensers and capacitors may be 
purely academic because of the difficulty of 
obtaining synchronous condensers. 

Harmonic and Coordination With 
Telephone Circuits 

The principal cause of harmonic volt¬ 
ages and currents in capacitors is the 
magnetizing requirements of transform¬ 
ers. Because of the lower impedance of 


capacitors at higher frequencies, the har¬ 
monic currents may become so high as 
to endanger the life of the capacitor or to 
cause excessive amounts of fuse blowing or 
overheating of breakers and switches. 
The standard margins built into capaci¬ 
tors, which were mentioned previously, are 
usually sufficient so that, for the amount 
of harmonic voltage present in most sys¬ 
tems, no undue amount of trouble is ex¬ 
perienced . For the transformer magnetiz¬ 
ing current, the third-harmonic compo¬ 
nents and their multiples are usually sup- 



Figure 9. Air-cooled synchronous condenser 
and capacitor costs for a 13.8-kv outdoor 
installation 


Capacitors connected in wye and switched in 
Five steps. Costs do not include main circuit 
breaker, land space, foundations, or spare 
parts, but do include Freight, automatic control 
erection, capacitor fuses, coolers on synchro¬ 
nous condenser, and so forth 
—Cost of equipment installed 
Cost plus losses capitalized at $150 ' 
per kilowatt 

3“3' Cost plus losses capitalized at $250 
per kilowatt 

plied by circulation around the delta-con¬ 
nected windings. The higher harmonics 
are usually so small that they give no 
appreciable trouble so long as the trans¬ 
formers are operated near their rated 
voltage. 

An unbalanced fault on a system sup¬ 
plied by water-wheel generators without 
damper windings may produce harmonic 
voltages. By resonance or partial reso¬ 
nance with capacitors, these voltages can 
be magnified. While the duration of the 
fault might not be sufficiently long to in¬ 
jure the capacitor, it may result in blow¬ 
ing of a large number of fuses in con¬ 
nected capacitors all over the system. ‘ 
This hazard is reduced by properly de¬ 
signed damper windings and system ar¬ 
rangement. 

A considerable amount of study has 
been given to the effects of shunt capaci- 
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tors on the inductive co-ordination of 
power systems and exposed telephone 
circuits at noise frequencies. These 
studies have been carried on by the Joint 
Subcommittee on Development and Re¬ 
search of the Edison Electric Institute 
and Bell Telephone System. The results 
of their preliminary study of the problem 
were included in an article published in 
the August 1938 issue of the Edison Elec¬ 
tric Institute Bulletin. Subsequently, 
the joint subcommittee has co-operated 
with the operating power and telephone 
companies in a number of field studies on 
the effect of capacitors, and a report sum¬ 
marizing this experience is now in prepara¬ 
tion. It has been found that the use of 
capacitors may be either detrimental or 
beneficial from the inductive-co-ordina¬ 
tion standpoint, depending on the particu¬ 
lar conditions in each case. Advance 
planning by the two industries along the 
lines suggested in the article referred to 
has reduced the number of troublesome 
situations to a small percentage of the 
number of capacitor installations. Where 
the use of capacitors has resulted in in¬ 
creased noise, it has been practicable gen¬ 
erally to improve conditions by relatively 
simple measures applied to either the 
power or telephone systems or both. A 
summary of the available measures is in¬ 
cluded in the article. 

Portable Capacitors 

Several utilities have found, with a 
sudden increase in load at particular 
points on the system, a situation which is 
likely to occur under present conditions; 
portable three-phase capacitor units dis¬ 
patched to the point are effective in re¬ 
lieving the load on the overloaded facili¬ 
ties until more permanent changes in the 
system can be made. Also, two single¬ 
phase mobile capacitor units are in use; 
their purpose is to relieve the overload on 
open-delta banks of transformers occa¬ 
sioned by the failure of one transformer 
of a three-phase delta-connected bank. 

Self-Excitation of Induction Motors 

In some capacitor applications the 
system is so arranged that, in the event of 
opening of a feeder circuit breaker, an 
induction motor paralleled with a capaci¬ 
tor may be‘isolated from the remainder of 
the system. The stored energy in the 
rotor and load will then drive the motor, 
and, if the kilovolt-amperes of the capaci¬ 
tor is sufficiently large, the combination 
will become self-excited, the motor acting 
as an induction generator receiving its 
excitation from the capacitors. The 
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Figure 10. Relative costs of capacitors and 
synchronous condensers for conditions enu¬ 
merated in Figure 9 


overvoltage is rarely of sufficient magni¬ 
tude to endanger the insulation. If lights 
are connected to the same circuit, their 
life may be shortened somewhat because 
of the magnitude and duration of the 
overvoltage. These situations, however, 
rarely occur. 


Conclusions 


1. Capacitors are usually the most eco¬ 
nomical form of supplying basic kilovars 
when installed near the load. 

2. Capacitors release transformer, feeder, 
substation, or generator capacity, or stated 
otherwise, permit greater loading in terms of 
active or real power. This is particularly 
important during the war emergency, 

3. Unless switching is used, the amount of 
capacitors that should be installed may be 
limited by 

(a) . Overvoltage conditions at light load, 

(b) . Synchronous machine instability. 

(c) . Over-all system energy losses, 

4. The addition of capacitors reduces the 
system losses by supplying the load kilovar 
component. The greatest economy is ob¬ 
tained by supplying the kilovars close to the 
load. Reduction in total system losses re¬ 
duces the fuel required to supply the load 
and also makes available additional gen¬ 
erating capacity. 

5. Capacitors require less critical material 
than synchronous condensers and do not 
tie up manufacturing space now required 
for equipment more essential to the war 
effort. 

6. Permanently connected capacitors re¬ 
duce voltage drop but have only a minor ef¬ 
fect upon the regulation, since they raise 
the voltage at light load and at full load by 
substantially the same amount. 

7. Capacitors, when located close to the 
load, release more kilovars in the synchro- 

Shunt Capacitors 


nous machines than is indicated by the 
capacitor name-plate rating. 

8. A capacitor does not have the favorable 
characteristic of a synchronous condenser in 
reducing light flicker. 

9. The initial cost of capacitors and syn¬ 
chronous condensers balance around 7,000 
kva, but, when the greater losses of the 
synchronous condenser are taken into con¬ 
sideration, the balance point will be very 
much greater. In this comparison it is neces¬ 
sary in some cases to recall that a standard 
synchronous condenser, if required, can also 
absorb kilovars from the system to an extent 
equal to 50 per cent of its rating, 

10. Capacitors reduce billing charges, a 
factor of great importance to industrial cus¬ 
tomers having a power-factor clause in tlieir 
power contracts. 

11. Capacitors are readily made portable 
to provide emergency capacity where 
needed. 

12. The proper application of capacitors 
requires a consideration of all components 
of the system, including generation, trans¬ 
mission, and distribution. 
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The Cathode-Ray Oscillograph Applied 
to Long-Time Switching Transients 
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Synopsis: The cathode-ray oscillograph be¬ 
cause of ^ its inherent characteristics is 
ideally suited and extensively used for the 
measurement of transient voltages associ¬ 
ated with switching operations. The type 
of oscillograph ordinarily used covers a wide 
range of measurement conditions and is 
necessarily large and expensive. For this 
reason very few such units are available, and 
new problems, arising from the necessity of 
providing reliable service with loads in¬ 
creasing because of the war effort, have re¬ 
quired every available measurement facility. 

In two recent applications where ex¬ 
tremely wide-range performance was not re¬ 
quired, a two-tube low-voltage cathode-ray 
oscillograph was used successfully. This 
oscillograph and the two applications are de¬ 
scribed, and it is shown how such measure¬ 
ments of long-time transients may be made 
with portable, inexpensive, and relatively 
simple equipment embodying the advantages 
of cathode-ray oscillography. 

S INCE it first began to be appreciated 
that the transient voltages asso¬ 
ciated with the opening or closing of an 
electric-power circuit had an important 
bearing on the switching device, as well 
as the connected circuit elements, much 
thought and effort have gone into the 
development of instruments which will 
measure these transients faithfully. 1 - 3 
This development has led to the modern 
cathode-ray oscillograph which tells the 
complete story of the transient both as to 
time and amplitude. 

This instrument is suited ideally to this 
task because of certain inherent char¬ 
acteristics: 

1. Its indicating element,, a beam of elec¬ 
trons, has inertialess response to the rapid 
changes of the transient voltage. 

2. It may be constructed so that its beam 
intensity is adequate to give a photographic 
record of those changes. 

3. It may be either a voltage-sensitive or a 
current-sensitive device, but as the former 
it is capable of giving a measurement with 
extremely low energy drain from the circuit 
being measured. This means that it may be 
used with high-impedance-capacitance volt- 
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age dividers for the measurement of ex¬ 
tremely high voltages at transient frequencies 
where potential transformers, even though 
practical from a voltage standpoint, would 
not respond accurately to the rates of change 
involved. 

4. Its beam may be turned on or off with 
such speed and precision that recording may 
be readily synchronized with the occurrence 
of the transient, even to the extent of having 
the transient itself initiate the recording 
sequence. 

Cathode-ray oscillographs have been 
designed and built and are in daily use in 
switchgear laboratories that are capable 
of recording, for all three phases, many 

cycles of power-frequency voltage, while at 
the same time adequately resolving tran¬ 
sient oscillations of the highest frequencies 
encountered in this type of phenomena. 
Such units designed to cover the full range 
of measurement possibility are necessarily 
complicated and expensive, and, while 
they can be made mobile, they scarcely 
would be considered as portable. How¬ 
ever, this full range of measurement 
capability is not always necessary. In 
fact, it is frequently desirable to sacrifice 
high-speed time resolution in order to get 
a better picture of the relation between 
various parts of long-time transient 
phenomena. 

While this, of course, is readily accom¬ 
plished with the big high-speed oscillo¬ 
graph, only a few such outfits are avail¬ 
able, and these just about cover normal 
measurement needs. With the increased 
loading of electrical systems because of 

r , 


the war effort, many new engineering 
problems are constantly arising. The 
solution of these problems frequently 
requires both laboratory and field inves¬ 
tigations to supplement past experience, 
and additional measurement facilities 
must be provided. 

It is apparent that applications in¬ 
volving long-time transients may be 
handled by a cathode-ray oscillograph 
which, without the high-speed features 
of the all-purpose type mentioned above, 
could be made far simpler and less ex¬ 
pensive. In the following pages such a 
simple, inexpensive outfit is described 
along with two applications to switch- 
gear field testing. 

The Oscillograph 

This special cathode-ray oscillograph 
shown in Figure 1 was designed to record 
long-time transients with durations up 
to one or two seconds. For this reason 
it can use a low-voltage cathode-ray tube, 
and the unit incorporates two such tubes. 
Recording is by moving film photography. 

(a). Tubes 

The two cathode-ray tubes which are 
operated at 1,300 volts have three-inch 
fluorescent screens of the high-peak- 
intensity short-persistance type suitable 
for moving film photography. A view 
from above the oscillograph looking down 
into the tube compartment as in Figure 
2 shows one tube in full but only the 
white screen of the second tube which is 
mounted directly underneath the first 
one. The voltages to be measured are 
applied to the vertical deflection plates. 

Figure 1. Special cathode-ray oscillograph 

Side panel removed showing power-circuit 
and film-shifting relays. Film drum and drive in 
position 



Dunlap, Rohats Cathode-Ray Oscillograph Transactions 231 













Figure 2. Top view of special 
cathode-ray oscillograph with 
cover and film drum removed, 
showing position of two tubes 
and lens 


so that the traces appear on the tube 
screens as unidimensional Lissajous fig¬ 
ures in line with each other, and time 
resolution is provided by the motion of 
the recording film . 

(b). Film Drum 

An/2.0 lens, which may be seen inside 
the tube compartment at the end next to 
the driving motor in Figure 2, focuses 
the cathode-ray traces on a moving film. 
The film, 3 7 / 8 by 30 l / 2 inches is held by 
spring belts on the rotating drum shown 
in its holder in Figure 3. The drum holder 
is equipped with a manually operated 
shutter and a removable cover for load¬ 
ing. It is readily attached to the oscillo¬ 
graph case by spring clips as shown in 
Figure 1, and, when in place, the axis of 
the drum with its key fits inside a hollow 
slotted driving shaft which in turn is 
geared to a small electric motor. The 
drum is free to move inside the holder a 
distance of several inches in a vertical 
direction, so that different portions of the 
film may be exposed to give several rec¬ 
ords on a single film. Its vertical posi¬ 
tion is determined by the position of a 
supporting threaded collar which may 
be moved up and down on the outside 
threaded driving shaft. In operation the 
drum is automatically shifted a pre¬ 
determined space after each exposure. 
This is accomplished by causing a sole¬ 
noid operated lever to engage the support¬ 
ing collar. The collar then moves down¬ 
ward as the shaft continues to rotate. 
When the lever is not engaged the collar 
rotates with the shaft and has no vertical 
motion. The distance the film is shifted 
is dependent on the time the lever and 
collar are engaged and this time is deter- 



Figure 3. Film drum and holder with cover 
removed 

Shutter visible at rear of holder 



Figure 4. Schematic diagram of circuit for 
special cathode-ray oscillograph 


obtained from the voltage divider con¬ 
sisting of Ri , R 2f R 2} and R' 4 . The beam 
intensity is controlled by adjustment of 
Ri, and, when this is set just at cut-off, 
the circuit involving thyratrons and 
2~2 may be used to initiate the beam auto¬ 
matically for a predetermined length of 
time. 

For such automatic initiation a positive 
pulse is applied to either initiation ter¬ 
minal. The double input permits trip¬ 
ping from a surge of either polarity by 
supplying the trip indication through a 
transformer or coil with a grounded mid¬ 
point. When the trip impulse is re¬ 
ceived at the grid or grids, either Tj or 
T 2 fires and discharges C 4 through R 0 . 
This causes current to flow through R a 
and R 7 , thereby reducing the cathode-ray 
tube-control grid bias enough to establish 
the beam. When C 4 is discharged, T\ 
and r 2 regain control since the current 
through R 7 is too small to maintain 
ionization. However, the cathode beam 
is maintained until Q is recharged and 
this time may be adjusted over wide 
limits by selection of proper values for 
Rq, R 7 , and C 4 . 

When C 4 begins to discharge, a positive 
pulse is applied through C 2 to the grid 
of thyratron T z . Tins fires T z and dis¬ 
charges C 3 through the time-delay relay 
circuit. After this indication the time- 
delay relay circuit begins its sequence and 
after a delay of several seconds energizes 
the film-shifting solenoid for the period 
of time set by the relay adjustment. 

(d). Operation 

The normal sequence of events in ob¬ 
taining a record with the oscillograph is 
as follows: 

1. With the loaded film drum in place and 
set for its highest position, the tubes are 
energized and the motor started. 

2. The shutter on the film holder is opened 
manually, and the tripping impulse is ap¬ 
plied to the initiation circuit. This pro¬ 
duces two traces on the film showing what¬ 
ever voltages were on the deflection plates 
during the time the beam was on. 


mined by the setting of a time-delay 
relay which controls the solenoid. A 
limit switch removes all power when the 
drum attempts to shift past the final 
position. All of these elements are 
visible in Figure 1. 

(c). Circuit 


The oscillograph circuit is shown 
schematically in Figure 4. Capacitance 
Ci is kept charged to 1,300 volts to sup¬ 
ply all d-c potentials. The cathode-ray 
tube excitation and control voltages are 


Figure 5. Voltage-divider and 
cathode-ray-oscillograph con¬ 
nections for measurements on 
230-kv system at Boulder 
power plant 


LINE SIDE BUS SIDE 

PHASE A PHASE B PHASE C PHASE A PHASE 6 PHASE C 
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Figure 6. Sample cathode-ray oscillogram of 
line-dropping test on 230-kv system 

A Bus side of oil circuit breaker, voltage to 
ground, phase A 

B. Line side of oil circuit breaker, voltage to 
ground, phase A 

Time progresses from left to right 
Scale: 1 centimeter = 4,400 microseconds 

3. The film is automatically shifted to ex¬ 
pose a fresh portion. 

4. Steps 2 and 3 are repeated if desired. 

5. The oscillograph power is removed and 
the film is ready for development. 

Measurements on 230-Kv System 

While the oscillograph was not origi¬ 
nally designed for switching transients in 
particular, it was available and worked 
out very well when such an application 
presented itself. 

When plans were made to conduct line¬ 
switching tests with a 230-kv oil circuit 
breaker on the system of the Southern 
California Edison Company Ltd. at 
Boulder power plant, the feasibility of 
taking cathode-ray oscillograms of the 
voltage transients was considered. It 
was known that the transient frequen¬ 
cies involved would not be very high 
because of the large capacitance of the 
connected transmission lines. In fact, 
the expected frequencies were not above 
the capability of a magnetic oscillograph. 
However, no potential transformers were 
available for the measurement of voltages 
which might reach crest values of several 
hundred kilovolts, and the capacitance 
potential devices normally used to meas¬ 
ure steady-state voltages could not be 
expected to give true transient response 
with a magnetic oscillograph connected. 

A cathode-ray oscillograph, on the other 
hand, could readily be used with capaci¬ 
tance voltage dividers and, in addition, 
could be relied on to follow accurately 
any abrupt voltage changes such as 
would be associated with restriking. 

On this basis it appeared that the 
cathode-ray oscillograph described above 
would be suitable, and plans were laid 
accordingly. 

Since several of these two-tube units 
were available, it was decided to use 
three and measure voltages to ground for 
both line side and bus side of the breaker 
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on each phase. Capacitance potential 
devices were also available in each of 
these positions. Such measurements 
involved the subtraction of two voltages 
to determine the voltage across a pole 
of the breaker but provided the desirable 
measurement of the actual voltages to 
ground to which the system insulation 
was subjected. 

(a). Installation 

The oscillographs were set up in a room 
under the switchyard where the breaker 
and capacitance potential devices were 
located, and the cathode-ray tubes were 
connected to their respective voltage 
dividers by shielded cables approximately 
250 feet long. The connections were 
as shown in Figure 5, and it may be seen 
that the arrangement was such as to give 
the voltages on both sides of each breaker 
pole on a single film. 

The voltage dividers were contrived by 
using the coupling capacitor units in¬ 
stalled on the two outgoing transmission 
circuits, and these constitute the Q units 
in Figure 5. The C 2 units were made up of 
small radio-type capacitors. Two differ¬ 
ent values were used depending on the 
expected voltage. Ratios for the two 
conditions were 8,300 to 1 and 4,600 to 1 
which provided for recording up to crest 
voltages of about 800 and 450 kv re¬ 
spectively. 

During a test the regular potential 
network and carrier-current equfpment 
were disconnected from the coupling 
capacitors, and connection was made to 
the C 2 units. Connection to the cables 
from the voltage dividers was through 
resistances, i?i, equal to the cable surge 
impedances. At the oscillograph end each 
tube was provided with a leakage resist¬ 
ance, R 2i to prevent accumulation of 
charge on the deflection plates from stray 
electrons of the cathode beam. All of 
the oscillograph grounds were connected 
to the cable shields, and actual grounding 
was done at only one place. Care was 
taken to minimize loops between volt¬ 
age leads and ground returns. 

(b). Operation 

The oscillographs were initiated simul¬ 
taneously by the application of a positive 
battery voltage. This was accomplished 
by a relay which was energized at the 
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same time as the trip coil of the circuit 
breaker. 

The film-shifting feature proved very 
convenient in that it was possible to 
record all voltages for each series of five 
tests without changing films. For this 
reason no delays in the testing schedule 
were chargeable to cathode-ray-oscillo¬ 
graph operation. 

Voltage calibrations were obtained by 
recording steady-state voltages with the 
cathode-ray tubes connected to one set 
of voltage dividers while the line voltages 
were read in the usual way with the other 
set of potential devices in normal opera¬ 
tion. This procedure was repeated with 


LINE 1 LINE 2 LINE 3 



the 15-kv system of a large industrial plant 

the roles reversed for the two sets ’of 
potential devices to complete the calibra¬ 
tions for all six tubes and dividers. 

A complete set of oscillograms was ob¬ 
tained for each of the 41 tests made at 
Boulder power plant. The results are 
analyzed elsewhere, 4 but a sample record 
is shown in Figure 6. For these tests a 
film speed of approximately 90 inches per 
second was used with a beam duration of 
about a half-second. This gave some 
overlappiiig of the record but was not 
objectionable. Zero lines were provided 
by tripping the beams on for an exposure 
with the deflection plates grounded. 

It is interesting to note in passing that 
the entire equipment for these measure¬ 
ments, including shielded cable and dark¬ 
room supplies, had a shipping weight of 
less than 900 pounds. 
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Measurements on a 15-Kv System 

Since the low-voltage two-tube oscillo¬ 
graph worked out so well on the Boulder 
power-plant application, it was the 
logical choice w T hen cathode-ray oscillo¬ 
grams were required on some recent 
capacitor switching tests. These tests 
were on a 15-kv circuit at a large indus¬ 
trial plant. In this case line-to-ground 
voltages on the capacitor side of the 


across which the cathode-ray tube was 
connected to give a ratio of 100 to 1 and 
recording up to ten kilovolts. 

Again a single ground connection was 
made, in this case at the oscillographs. 

(b). Operation 

Initiation of the oscillographs was 
accomplished in the same manner as at 
Boulder power plant except that the relay 
was energized simultaneously with the 


Conclusion 

The preceding paragraphs have given a 
description of a special cathode-ray oscillo¬ 
graph incorporating a number of new fea¬ 
tures. This oscillograph uses the inexpen¬ 
sive low-voltage tube found in thousands 
of small oscilloscopes used in practically 
every laboratory, radio service shop, and 
engineering classroom of the country. It, 
however, utilizes the features of moving 



breaker only were required, and two of the 
two-tube units were used. With one tube 
for each phase, the spare measuring ele¬ 
ment was connected to measure the 
voltage fluctuations of the capacitor 
neutral. 

(a). Installation 

The oscillographs in this case were set 
up in a temporary shack immediately 
adjacent to the circuit breaker and capaci¬ 
tor installations. The connections which 
are shown in Figure 7 were essen¬ 
tially the same as those used at Boulder 
power plant with one exception. In this 
case the distance from the high-voltage 
capacitors to the oscillographs was not 
o\ er ten feet and so the C 2 capacitors were 
mounted at the oscillograph end of the 
shielded leads. 

The high-voltage capacitors (Ci) in this 
case were not regularly installed equip¬ 
ment but were provided with the oscillo¬ 
graph equipment. They consisted of 
porcelain wall tiles with inside and out¬ 
side surfaces coated with metal foil over 
a sufficient area to give a capacitance of 
200 micromicrofarads. The C 2 capaci¬ 
tors were again of the radio type and 
the ratio used was 300 to 1, which per¬ 
mitted recording up to approximately 
30 kv. 

For the measurement of the neutral 
voltage a resistance divider was used 
This consisted of a string of ten two-watt 
metalized resistors totaling 50,000 ohms 
(Ri) m senes with a 500-ohm unit (f? 2 ) 
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Figure 8. Sample cathode-ray oscillograms of 
capacitor switching tests on 15-kv system 
showing several tests on single film 

A. Capacitor voltage to ground, phase 1, 
test 39 

B. Capacitor voltage to ground, phase 2, 
test 39 

C. Capacitor voltage to ground, phase 1, 
test 41 

D. . Capacitor voltage to ground, phase 2, 
test 41 

E. Steady-state 60-cycle voltage on phase 1. 
Prior to test 42 

Time progresses from left to right 
Scale: 1 centimeter = 4,400 microseconds 

starting of the magnetic oscillographs. 
From one to five records were taken on 
each film depending on the needs of the 
testing schedule. 

Since magnetic oscillograms of the 
voltages on the bus side of the breaker 
were taken, it was possible to obtain 
voltage calibrations for the capacitance 
dividers by comparing the magnetic os- 
cillograms with the cathode-ray oscillo¬ 
grams at times when the breaker was 
closed and steady-state voltages were 
present. Calibration for the resistance 
divider was obtained from direct measure¬ 
ment of the resistances Ri and R 2 . 

Oscillograms were obtained for 52 tests, 
including both opening and closing opera¬ 
tions of the breaker. A film speed of 90 
inches per second and beam duration of 
a. half-second were used again and zero 
lines were provided as before. A sample 
record is shown in Figure 8. 
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film recording and automatic-beam con¬ 
trol ordinarily found only in high-voltage 
equipments. In addition it uses two 
tubes to provide for the simultaneous 
recording of two phenomena. 

It also has been shown how this oscillo¬ 
graph by actual performance in the field 
has proved itself well-suited to the meas¬ 
urement of long-time transients. It 
compares favorably with the high-voltage 
cathode-ray oscillograph if high recording 
speeds are not required, especially if cost 
and size are factors to be considered. It, 
of course, is not to be considered as a 
general substitute for the magnetic oscil¬ 
lograph since it does not have so many 
recording elements. Rather it is an 
additional measuring device which re¬ 
alizes with low cost and simplicity the 
peculiar advantages of the cathode-ray 
oscillograph, low energy drain and in¬ 
ertialess response, for the problem of 
long-time transient measurement. 
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Synopsis: The paper presents the position 
of the three types of motive power in rail¬ 
road service and offers a brief historical 
background to show how each one arrived 
at its present status. A table lists advan¬ 
tages and. disadvantages inherent in each 
type and includes supplementary informa¬ 
tion to explain the listings in the table. The 
subject is presented from the viewpoint of 
the user, and a method of determining more 
closely the place for each type of locomotive 
is suggested. An appendix lists all of the 
considerations which must be included in 
a complete cost study. 

F OR 60 years the steam locomotive 
was without competition, as a form 
of motive power, on American railroads. 
Its first serious competitor, the electric 
locomotive, appeared in 1895 and during 
the following 40 years displaced steam 
in several specific applications. The 
reasons for this were that the electric 
locomotive possessed certain inherent 
advantages that made it both more de¬ 
sirable and economical for these appli¬ 
cations. Electrification did not displace 
steam operation completely, because ex¬ 
perience demonstrated its limitations. 
The Diesel-electric locomotive made its 
initial appearance in this country—in 
switching service—in 1925, but, as in the 
case of the electric locomotive, almost 
ten years went by before the industry 
accepted it as a competitor. From 1935 
to date the Diesel-electric locomotive 
forged ahead more rapidly than either of 
its competitors—electric or steam—in 
any similar period. There were many 
reasons for this. Outstanding among 
these are that the Diesel-electric has 
most of the advantages of both electric 
and steam motive power without too 
many of its disadvantages, plus an 
appeal to the public that increased the 
revenues of the railroads when an in¬ 
crease was desperately needed. What, 
now, are the limitations of the Diesel- 
electric locomotive, and to what extent 
can either the electric or Diesel-electric 
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be expected further to encroach upon the 
dominions of steam. 

One hundred years of railroading have 
demonstrated that, in the final analysis, 
any controversy that exists as to which 
is the best type of motive power must 
be decided upon the basis of sound eco¬ 
nomic principles. Experience has also 
demonstrated that there is no universal 
formula by which the user can determine 
whether one or the other type should or 
should not be used, but there are certain 
fundamentals upon which agreement can 
be reached, through the application of 
which a final choice may be made. No 
application of these fundamentals can be 
made until the problem is clearly stated. 

Historical Background 

The steam locomotive came into being 
more than 100 years ago as a competitor 
to the horse and the canalboat. From 
that point it grew in size and power, and 
the railroad grew with it, including the 
enginehouse, the shop, water and fuel 
services, and all facilities required to 
maintain and operate steam power. 
Most railroad operation is designed 
around the characteristics and require¬ 
ments of the steam locomotive. 

The electric locomotive was first ap¬ 
plied to trunk-line railroad service in 
1895, when it was used to eliminate a 
smoke hazard by hauling trains with 
their steam locomotives through the 
Baltimore and Ohio tunnel at Baltimore 
Md. From this beginning its use was 
extended to the operation of congested 
city terminals where smoke elimination 
was important, to operation of trains on 
heavy grades (including tunnels), to 
suburban passenger service requiring 
short headways and rapid acceleration 
where smoke elimination was also a 
factor, and to heavy-traffic general 
service lines where the added cost of the 
power distribution system could be justi-' 
fied by savings in operating cost and im¬ 
proved service. 

The Diesel-electric locomotive was 
developed from the rail car, the latter 
having been used for several years to 
take care of diminishing traffic on branch 
lines. The first locomotive of this type 


to be used on American railroads in 1924 
was in fact a rail car equipped with a 
heavy-duty Diesel engine and electric 
transmission. From this beginning the 
application of Diesel-electric locomotives 
to switching service has been extended 
until a railroad purchase of a new steam 
switcher is exceptional. 

Road application of Diesel engines 
began with lightweight passenger trains 
in which the first car contained baggage 
and mail compartments, in addition to 
the space occupied by the power plant. 
These trains were increased in size, and the 
motive power grew from one to two, and 
finally to a three-unit Diesel-electric 
locomotive. Four-unit locomotives are 
used in freight service, and some Diesel- 
electric locomotives are used inter¬ 
changeably in freight and passenger 
service. 

A common error made by transporta¬ 
tion engineers, for reasons best known to 
themselves, in dealing with the selection 
of motive power has been to approach the 
problem primarily on the basis of sub¬ 
stituting one type of motive power for 
another, whereas actually the ultimate 
solution may be an economically sound 
use of combinations of different types— 
each in the place where and to the ex¬ 
tent to which it is best suited. 


Table 1. Analysis of Motive-Power Charac¬ 
teristics 






Diesel- 


Electric 

Steam 

Electric 

1. Operating Cost 
(a). Fuel. 


. D. . 

. D. 

. . A 


(6). Water. 

. A . 


. D. 

. .A 


(c) . Lubricants. 

( d ) . Enginehouse ex- 

. A. 


. A . 


. D 

pense. 

. A . 


_ D . . 

. A 


(e). Supplies (of no 






great impor 
tance) 






2. Fixed Charges 
(a). First cost. 


. I). . 

. A . 


. D 

C b ). Depreciation. 

(c). Interest, taxes 

. A. 


. .4. 


. D 

and insurance . 


. D. . 

. A . 


. D 

3. Operating Characteristics 




(a). High acceleration. 
(If). Overload capac- 

. A . 


. D. . 

.A 


ity. 

.A. 


. D. . 


. D 

(c). Availability. 

.A. 


. D. . 

.A 


(d). Flexibility. 

.A. 


_ D. . 

. A 


(e). Use of factor. 


. D... 

. . . . D, . 

. A 


(/). Freedom from 






complete fail- 






ure. 


. D.. . 

. D. . 

. A 


4. Special Features 
(a). Smoke elimina- 






tion. 

.A. 


_ D. . 

.A 


(6). Damage to road- 






bed. 

.A . 


. . . , D. . 

. A 


(c). Merchandising 






appeal. 

.A. 


_ D. . 

. A 


(d). Dynamic braking. 

. A . 


_ D. . 

. A 


5. Possibility of Eliminating Facilities 



(a). Operating. 

.A. 


_ D. . 

. A 


(6). Maintenance. 

.A, 


_ D. . 

.A 



A Advantage. D —-Disadvantage. 
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The first requisite is to state the prob¬ 
lem; in simple terms it is how to decide 
whether or not to use steam, Diesel- 
electric, or electric motive power, or 
combinations thereof, for performing the 
required functions of a railroad. A study 
of the problem may, for example, indi¬ 
cate that, to do a specific job, a railroad 
should use Diesel-electric switchers, Die¬ 
sel-electric road passenger locomotives 
and steam freight locomotives, or pos¬ 
sibly Diesel-electric switchers and electric 
road passenger and freight power. It is 
quite possible that, to the man with an 
open mind, the very effort to prove the 
case for one type of motive power as 
against another may demonstrate the 
logic of utilizing combinations. 

The second requisite is the necessity 
of collecting a variety of data relating 
to the specific application under con¬ 
sideration. The nature of those data may 
be seen by reference to Appendix A. 

Once the basic data have been col¬ 
lected and studied, an equal familiarity 
with the characteristics of the three 
types of motive power should be ac¬ 
quired. With that end in view Table I 
has been prepared. For those interested 
in the reasons why any given character¬ 
istic is considered an advantage or a dis¬ 
advantage, it may be of value. 

Fuel 



20 40 60 60 

SPEED—MILES PER HOUR 


Figure 1. Comparative drawbar-pull-speed 
curves of electric, steam, and Diesel-electric 
locomotives on one per cent grade 


Type 

Weight on 

' 

Locomotive 

Drivers 

Total Weight 

Electric. 

. .360,000. . 

• - 460,000 

Steam. 

..281,440.. 

. 1.060,010 (incl. tender) 

Diesel-electric. . 

•. -856.000. . 

. . 856,000 


and straight-electric locomotives, water 
is a relatively small item, even in pas¬ 
senger service which requires oil-fired 
boilers on the locomotive for train heat¬ 
ing and for the steam-ejector type of air 
conditioning. The amount of water used 
for this purpose is only about one tenth 
of the total water used for all purposes 
by a steam locomotive in the same service. 
In freight and switching service, the 
electric locomotive uses no water, and the 
amount needed by the Diesel-electric 
^ locomotive is practically negligible. 

Lubricants 

An empirical method of approximating 
lubricating costs for Diesel-electric loco¬ 
motives is to assume that the consump¬ 
tion of lubricating oil is from l l / 2 to 3 
per cent of the fuel oil, whereas the cost 
per gallon is ten times as much. Thus 
the cost of Diesel-electric lubricating oil 
is from 15 to 30 per cent as much as the 
fuel cost. Steam locomotives doing the 
same work will consume lubricants cost¬ 
ing about half as much as those used 
by the Diesel-electric locomotive, and 
accumulated experience shows that the 
cost of lubricating electric locomotives 
is much less than that for steam. 

Enginehouse Expense 


When the cost of coal delivered to the 
tender is four dollars a ton, the cost of 
coal is about the same as the cost of 
power required for an electrified line. 
This relation will vary considerably, de¬ 
pending upon the power contract, the 
amount of transmission and distribution 
losses, and so forth. But experience in¬ 
dicates that if the cost of coal is less 
than this, no savings in fuel cost can be 
made by electrifying a steam-operated 
railroad. For class I railroads the aver¬ 
age cost of coal delivered to the railroad 
is $2.68. To this must be added the cost 
of distributing it to the coaling plants 
and loading it on the tender. The cost of 
handling coal from the car to the loco¬ 
motive (including fixed charges) is about 
lo cents per ton. Obviously, the rail¬ 
roads which are remote from sources of 
supply pay a greater hauling charge than 
those with short hauls from the mines. 

Fuel costs for steam and Diesel-electric 
locomotives can be compared best from 
Performance records. One railroad using 
o types for freight service reports a 
el cost of 33 cents per mile for coal- * 
urmng steam locomotives and 28 cents 

KiT* f ° r Dies ^ctric locomotives 
the same service. These figures favor 
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the steam locomotive somewhat, since ii 
this instance the Diesel-electric locomo 
lives are operated in high-speed service 
■ whereas the steam locomotives are usee 
at lower rates of speed. 

In passenger service one road report; 
fuel costs of 17 cents and 10 cents fo: 
steam and Diesel-electric locomotives 
respectively, a saving of 41.1 per cent 
In two other cases the savings reported 
are, respectively, 16.3 and 39.8 per cent. 

It is in switching service that the 
Diesel-electric locomotive makes the 
greatest saving of fuel. There are three 
reasons for this. One is the inherently 
high thermal efficiency of the Diesel 
engine. Another is the relatively high 
standby losses of the steam locomotive, 
and the third is the electric transmission 
which permits the Diesel engine to oper¬ 
ate near its full-load rating at all loco¬ 
motive speeds. Hourly fuel costs taken 
from a recent report are shown in Table 

Water 

The average water cost for a steam 
locomotive is approximately ten per 
cent of the fuel cost. On Diesel-electric 
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Enginehouse expense is a disadvantage 
of the steam locomotive. In road service 
it may be from 1.6 to 4 times as much for 
the steam as for the Diesel-electric loco¬ 
motive, while in switching it may be from 
5 to 12 times as much. Thus on roads, 
using both types of power we find such 
costs, as are given in Table III. 

Electric-locomotive enginehouse ex¬ 
pense is less than that of the Diesel- 
electric, since it is essentially a Diesel- 
electric without the Diesel engine. The 
high steam costs arise from the fact that 
the steam locomotive requires periodic 
attention for the cleaning of flues, boilers,, 
grates, and so forth, with the resulting" 
need for resteaming and attention to* 
fires. 

Locomotive supplies are an item in¬ 
cluded in all locomotive cost accounting, 
but they are a small one,- and there is so* 
little difference for each type that this is 
not a controlling factor. 

Smoke Elimination 

Electric locomotives are completely 
effective in eliminating smoke. They 
have been responsible for the transform¬ 
ing of smoking yards into first-class, 
residential districts and for the safe opera- 
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tion of trains through long tunnels. 
Diesel-electric locomotives produce little 
smoke, but their exhaust gas and the 
fuel they carry have precluded their use 
in some terminals. 

Damage to Roadbed 

Electric and Diesel-electric locomotives 
which have no unbalanced weights in their 
wheels do not produce what is known' as 
dynamic augment. This adds to the 
problem of steam-locomotive design for 
high speeds and in the case of slipping 
wheels may result in track stresses suffi¬ 
cient to kink the rails. The smaller 
wheel diameters and lower center of 
gravity used with Diesel-electric loco¬ 
motives increase shearing stresses at the 
head of the rail, but this is largely offset 
by lower axle loads. It is generally ac¬ 
cepted that the electric and Diesel-electric 
cause less damage to roadbed than steam 
locomotives, but much work is being done 
to improve the characteristics of the 
latter at high speeds. 

Merchandising Appeal 

Diesel-electric-powered streamlined 
trains were introduced in 1933, and the 
great increase in passenger traffic be¬ 
tween 1933 and 1941 is good evidence 
that people like them and will desert 
the highway for them. A part of the 
credit for this shift must be given to fare 
adjustments and a part to air condition¬ 
ing, but undoubtedly the Diesel-electric 
locomotive deserves its share. 

At a meeting off the American Asso¬ 
ciation of Passenger Traffic officers in 
November 1941, an attempt was made 
to evaluate the influence of passenger 
service on freight traffic. A poll of rail¬ 
road traffic officers showed that none 
think it of no importance, and 84 per 
cent of those questioned feel that the in¬ 
fluence of passenger service is either a 
major or an important factor. A some¬ 
what different attitude is shown by 
traffic managers who buy transporta¬ 
tion. Almost half of a number of these 
men who were questioned said that the 
great bulk of freight traffic is routed 
without consideration for passenger serv¬ 
ice. Even though the latter group is 
most nearly correct, it is obvious that 
passenger service is an important in¬ 
fluence. 

Dynamic and Regenerative Braking 

Dynamic braking has been developed 
for the Diesel-electric locomotive. This 
consists of using the traction motors as 


generators and dissipating the energy 
generated in resistors. The brakes are 
designed to hold, at a definite speed on a 
descending grade, the same train weight 
that the locomotive can haul up the same 
grade at the same speed. In actual 
operation, on descending grades, train 
weight may be heavier, and speeds main¬ 
tained are higher than on the same grade 
ascending, so that for controlling such 
trains some assistance for the dynamic 
brake is required from the train air brakes. 
In trials on various grades, the amount 
of train air braking required was re¬ 
duced to approximately one fourth of 
that required by conventional braking 
with train air brakes. This represents 
an important reduction in brake shoe and 
wheel wear and reduces damage to wheels 
by overheating. It is also a safety de¬ 
vice. 

The electric locomotive is capable of 
employing regenerative braking—of re¬ 
turning the power generated in the 
motors to the power system. It is 
definitely superior to dynamic braking 
for improving train operation, since it 
allows closer speed regulation on the 
down grades, and in actual practice on 
heavy grade lines it makes an appre¬ 
ciable saving of the electric energy re¬ 
quired by the railroad. 

Fixed Charges 

In the matter of fixed charges against 
operation, we are concerned with two 
major factors: first cost and service life. 
Originally, the Diesel-electric locomotive 
was at a distinct disadvantage with re¬ 
spect to steam because of high initial 
cost. However, progress in design and 
production methods, as well as an in¬ 
creased volume of production, has re¬ 
duced the initial cost of Diesel-electric 
locomotives to approximately $87.50 
per engine horsepower as compared with 
approximately $35.00 per cylinder horse¬ 
power for steam. 

The cost of an electric road locomotive 
is about $65.00 per continuous horse¬ 
power at the rail. To this must be 
added the cost of the power-distribution 
and contact system, but no close esti¬ 
mate of its cost can be made since, 
roughly speaking, the same system that 
serves ten locomotives can also serve a 
hundred. If a substitution of Diesel- 
electric or electric locomotives for steam 
is being considered, some credit should 
be given to the replacing units for fuel-, 
water-, and asli-handling systems and 
such enginehouse and shop facilities as 
are not required by electric or Diesel- 
electric power. In any plan for im¬ 


provement some real thought should be 
given to the elimination of terminals 
made possible by improved locomotives 
and better operation. 

To become involved here in any dis¬ 
cussion of the depreciation question 
would serve no good purpose. Experi¬ 
ence with steam and electric locomotives 
has demonstrated that a depreciation 
rate somewhere in the neighborhood of 
4.5 per cent well serves the purposes of 
the railroad industry's present methods 
of accounting. In the matter of Diesel- 
electric locomotives, the question of de¬ 
preciation has been approached in a some¬ 
what different manner than has been 
the case with steam. By this is meant 
that recognition has been tdken of the 
fact that a Diesel-electric locomotive 
is, for example, 40 per cent Diesel en¬ 
gine, 40 per cent electric equipment, and 
20 per cent mechanical equipment. 
Because of this fact, three depreciation 
rates might be desirable: one to the 
mechanical equipment, one to the electric 
equipment, and one to the Diesel engine. 

Years of experience with both mechani¬ 
cal and electric equipment, such as is 
now used on Diesel-electric locomotives, 
have simplified the problem of establishing 
depreciation rates. The unknown factor 
has been that of the service life of the 
Diesel engine. It is quite probable that 
time will demonstrate that the economic 
service life of railway-type Diesel en¬ 
gines may be longer than was anticipated 
in the early days of their service on the 
railroads. To summarize this matter of 
depreciation without offering any con¬ 
clusion, it may be said that individual 
roads have established depreciation rates 
for Diesel-electric locomotives all the 
way from four to ten per cent annually. 

Operating Characteristics 

High acceleration is an inherent char¬ 
acteristic of both Diesel-electric and elec¬ 
tric locomotives and a characteristic 
which has been lacking in steam locomo¬ 
tives, particularly of older designs. 

Overload Capacity 

The electric is the only one of the three 
types of motive power which has real 
overload capacity. Steam locomotive 
horsepower depends upon mean effective 
piston pressure and speed, and horse¬ 
power outputs near the maximum are 
obtainable over only a short portion of 
the speed range. 

The maximum horsepower output of a 
Diesel-electric locomotive is dependent 
upon the capacity of the Diesel engines. 
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Table II. Hourly Fuel Costs 



Steam 

Diesel- 

Electric 

Saving 

Railway A —600-hp 
Diesels. 

.$0,801 . 

.$0,224 . 

.$0,577 

Railway B —600- 

and 1,000-hp Die¬ 
sels . 

. 1.120 . 

. 0.370 . 

. 0.750 

Railway C —1,000-hp 
Diesels. 

. 1.0636. 

. 0.3267. 

. 0.7369 


It cannot be increased above this amount, 
but the electric transmission permits the 
use of this horsepower over a relatively 
large part of the speed range. 

The relation of continuous tractive 
force to maximum tractive force of an 
electric locomotive is shown in Figure 1. 
Because the electric locomotive can draw 
from the power-supply lines up to the 
heating limits of the motors, it can for 
short periods deliver horsepower out¬ 
puts which are almost twice the con¬ 
tinuous rating. Thus a locomotive hav¬ 
ing a continuous rating of 4,860 horse¬ 
power at 65 miles per hour may be capable 
of outputs at the driving wheels up to 
9,000 horsepower when the service con¬ 
ditions demand. In so far as perform¬ 
ance is concerned, it may be looked 
upon as the ideal locomotive. In actual 
practice, an electric locomotive having 72 
per cent of its weight on drivers can 
exert enough tractive force to slip its 
drivers at any speed. 

To obtain this overload capacity, opera¬ 
tion must be so arranged that the motor 
temperatures are well below maximum 
permissible values before the extra horse¬ 
power is called for. One overload must 
not be superimposed on another. Within 
the limits of its horsepower capacity the 
Diesel-electric locomotive is similarly 
limited. 

Availability 

When a steam locomotive arrives at 
its terminal, it requires certain servicing 
and repair operations. A study recently 
made by one railroad indicates that steam 
freight locomotives are in service ap¬ 
proximately 12 hours out of a 24-hour 
period, that they spend eight hours at 
terminals undergoing servicing and re¬ 
pairs and the other four hours waiting 

Table III. Enginehouse Expense 


for something to do. This corresponds 
to an availability factor of 66 2 / 3 per cent. 
As compared with this figure, the Diesel- 
electric locomotive will have an avail¬ 
ability factor of possibly 90 per cent and 
the electric locomotive perhaps 95 per 
cent. Availability of any type of motive 
power can be improved by the intelligent 
use of modern terminal facilities. 

Flexibility 

The flexibility of Diesel-electric loco¬ 
motives is an *‘advantage characteristic” 
brought about by the fact that it is 
built in the form of “packaged power”: 
for example, in 1,000- or 2,000-horse¬ 
power units, from one to four of which 
may be used to provide the power re¬ 
quired for a variety of operating con¬ 
ditions. When, for example, a 5,000- 
horsepower steam locomotive is used on a 
“1,000-horsepower job,” the loss to the 
operating company entailed by the re¬ 
sultant low load factor is obvious. 

What has been offered in this paper 
may be considered as a pattern or de¬ 
sign for procedure. It is suggested that 
it now be implemented by setting up a 
set of specific conditions on a railroad 
or a section of a railroad. This specific 
case could then be placed in the hands 
of three groups of recognized transporta¬ 
tion engineers experienced in the applica¬ 
tion of steam, electric, and Diesel-electric 
motive power. Each group could then 
proceed to determine the extent that each 
type should be used for this specific case. 
When put together, the three reports 
would indicate to what extent definite 
values can be given to the many factors 
involved. 


Appendix A 

Data Required for the Selection of 
Proper Motive Power for a Specific 
Service 

1* No rule-of-thumb method for selection of type. 

2. Data required for selection of type: 

Density of traffic. 

Permissible hours of operation per year. 
First cost of each type plus attendant facili¬ 
ties. 

Maximum starting tractive force. 

Maximum running tractive force and speed. 
Limiting track and bridge conditions. 
Clearance diagram. 

Data on all track curves. 

Maximum operating speed. 

Maximum tonnage of train and number of 
cars (empties and loads). 

Complete profile and track alignment. 

All speed restrictions. 


Estimate power requirements, and justify by 
the necessary speed-time calculations. 

See that this power may be built into the 
clearance limitations and with above wheel 
arrangement. 

4. Data required to compute operating costs: 
Wage agreements. 

Number of men in crew. 

Coal or steam oil-fuel cost (including all trans¬ 
portation and handling). 

Steam fuel consumption. 

Diesel fuel cost (including all transportation 
and handling). 

Diesel fuel consumption. 

Electric-power cost (rates and demand 
charges). 

Electric-power consumption (including losses 
from source to locomotive). 

Combined power-consumption chart (based 
on train sheet). 

Lubrication cost for each type of locomotive. 
Water cost and consumption for each type. 
Cost of other supplies. 

Enginehouse expense for each type (actual, 
not assumed). 

Repair costs averaged for 20 years for each 
type. 

Operating cost of distribution equipment (elec¬ 
trification only). 

Maintenance cost of distribution system (elec¬ 
trification only). 

Operating miles or hours per year for each 
type of power in each class of service. 

5. Data required to compute fixed charges: 

First cost of each unit of motive power. 

Plotted train sheets to determine number 
of motive power units including spares. 

First cost of all necessary attendant facilities. 
Interest rate on borrowed money. 

Depreciation rate for each locomotive and 
facility. 

Tax rate. 

6. Total cost to own and operate each type: 

Compute cost of operation per mile or hour. 
Multiply by total hours of operation per year 
(including relief). 

Add all fixed charges. 

There is no rule-of-thumb method by 
which the proper type of motive power 
(steam,, electric locomotive or multiple-unit 
car, Diesel-electric locomotive or Diesel- 
electric railcar) may be selected for a given 
service. Whereas it is true that experience 
has proved that one or another type of 
power is the most economical for a specific 
operating condition (a Diesel switcher is 
economical where it can be operated 24 
hours per day), general classes of service 
cannot be so segregated. The density of 
the traffic, the permissible hours of operation 
per year,, the first cost of the motive power 
and facilities, the relative operating costs of 
each, and other pertinent conditions must all 
be studied. The answer will be found in the 
summation of costs for owning and operating 
each type. 

The study .which must be made in order to 
arrive at an intelligent selection of the most 
suitable and economical locomotive or car 
involves three general steps: 

1. Determination of the physical characteristics 
and horsepower capacity of the vehicle. 

2. Compilation of the comparative yearly operat¬ 
ing costs of each type under consideration. 

3. Addition of the yearly fixed charges of the 
motive power and its appurtenances (which include 
the power distribution system in the case of elec¬ 
trification) . 

Selection of Locomotive Characteristics 


Diesel- 
Steam Electric 


Freight service (per mile) ....$0.04 
Passenger service (per mile). . 0.02 

Switching 1 (per hour).. . 0.393 

Switching 2 (per hour). 0.2279 

Switching3 (per hour)...... . 0.47 


Operating schedule with normal train. 
Operating schedule with maximum train. 

All intermediate stops and stop time. 

Helper zones and conditions. 

Altitude and climatic conditions. 

3. Method of determining physical characteristics 
and capacity: 

Determine weight required on drivers. 

Pick wheel arrangement to meet track curve 
and speed requirements. 


The selection of the proper locomotive 
weight and wheel arrangement and a deter¬ 
mination of the power which should be built 
into the locomotive must be the result of 
careful study of all of the operating require¬ 
ments to be met. Among these are: 

Maximum starting requirements. 

Maximum running tractive force at a known speed. 
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Limiting track or bridge conditions. 

Clearance diagram. 

Sharpest curves which must be negotiated. 
Maximum speeds of operation. 

Maximum tonnage to be hauled. 

Complete profile and track alignment. 

All speed restrictions. 

Operating schedule with normal train. 

Operating schedule with maximum train 
All intermediate stop time. 

Grades where helpers may be used. 

Altitude and climatic conditions. 

The weight per driving axle is limited by 
track and bridge strengths, the minimum 
weight on all drivers is fixed by the maximum 
tractive force required (starting or running), 
the permissible rigid wheel base is deter¬ 
mined by the sharpest curves to be negoti¬ 
ated, the use of guiding axles or trucks is a 
function of the maximum speeds, and the 
power which must be applied is determined 
by the train weights, profile, speed restric¬ 
tions, and necessary schedules to be met. 
The steam or electric locomotive selected 
may be one which has been built previously 
or a modification thereof, while the Diesel- 
electric is usually the nearest commercial 
size (in production) which fulfills the condi¬ 
tions. 

Operating Costs 

With the operating conditions known, and 
a locomotive of each type selected (or pos¬ 
sibly a railcar or multiple-unit cars), the 
next step is to determine the operating 
yearly costs for each system. There are 
seven general cost items which form the 
basis for compiling these figures. In addi¬ 
tion, electrification carries two other charges 
operation of substations and maintenance 
of distribution system. These charges, then, 
are: 

Wages—enginemen and train crew. 

Fuel (steam or Diesel-electric) or power cost (elec¬ 
tric) at the locomotive. 

Lubrication. 

Water (only for train heating boilers in Diesel- 
electric or electric locomotives). 

Other supplies. 

Enginehouse expense. 

Repairs—running and class. 

Operation of distribution equipment (electrification 
only). 

Maintenance of distribution system (electrification 
only). 

Since wage rates, fuel consumptions, and 
other cost items may vary with different 
train consists, all such figures should be 
compiled on the basis of yearly aggregates, 
taking into consideration the hours or miles 
(and costs) operated by relief power of 
another type. 

Wage rates are subject to agreement be¬ 
tween the railroad brotherhoods and the 
railroad, and wage-rate books are normally 
available. Enginemen are usually paid on 
the basis of weight on drivers, so that excess 
weight should be avoided. 

The cost of coal for the steam locomotive 
should be the base rate (cost at the mine 
plus the freight charges to the lines of the 
railroad under study), plus a charge for 
hauling cost on its own line. To this must 
be added the handling cost per ton, which 
includes the operating costs on the coaling 
station. The fuel consumption rate and 
therefore the cost per mile or per hour must 
be determined from previous steam records 
for each train consist. 

The cost of fuel for a Diesel-electric loco¬ 
motive should be the cost in tank-car lots 
plus the two freight charges and the 


handling already enumerated. Approxi¬ 
mately 260 gallons of Diesel fuel weigh a 
ton, so that the cost of transporting on com¬ 
pany lines is small. The fuel consumption 
and therefore the cost per mile or per hour 
for each train consist may be determined by 
a consideration of the profile. Diesel-engine 
fuel rates, and engine loading for the com¬ 
plete service cycle, including engine idling. 

The cost of electric energy must be ob¬ 
tained from a known power cost (rate plus 
demand charges), starting with the loco¬ 
motive power consumption and adding 
transformation losses (transformers, recti¬ 
fiers, rotary converters, motor generators, 
power-factor correction, and so forth, as 
used in the system considered), and distri¬ 
bution losses. The aggregate power con¬ 
sumption and the peak demands are deter¬ 
mined by a close study of the power re¬ 
quired by the individual trains over the pro¬ 
file and the train sheet from which a com¬ 
bined load curve is made. 

Lubrication costs for each type of motive 
power are fairly well known. Lubrication 
costs of the Diesel-electric, because they 
include that of the engine, are usually much 
higher than for either of the other types of 
locomotives. 

Water costs for steam locomotives are 
relatively high, as the other two types use 
water for train heat only. 

Other supplies are a minor item but are 
usually higher for steam than for either of 
the other two motive-power units, although 
for multiple-cab Diesel-electric locomotives 
this cost may exceed that of steam. 

Enginehouse expense is somewhat difficult 
to obtain. A steam locqjnotive requires 
considerable handling and care, including 
ash handling, boiler washing, and so forth. 
The Diesel-electric locomotive requires less 
attention than the steam locomotive, but 
more than is necessary for the electric loco¬ 
motive. This item of cost is usually recorded 
as cost per engine handled (per engine 
turned). 

For Diesel-electric power there is a 
tendency to assume that the enginehouse 
expense is low and arbitrarily to include a 
low figure in the cost comparison. This is 
sometimes an erroneous method, however, 
for unless the use of the Diesel-electric loco¬ 
motive actually results in a reduction of 
enginehouse personnel, there is no real sav¬ 
ing to the railroad. This is often the case 
where one or two Diesel-electric locomotives 
operate out of an enginehouse handling 
many steam locomotives. The best way to 
figure the Diesel-electric enginehouse ex¬ 
pense is to compute the actual enginehouse- 
expense saving (not to be confused with sav¬ 
ings in personnel as a result of lower repair 
labor required), and subtract this from the 
normal steam expense to give the Diesel- 
electric expense figure. 

_ In an electrification it is frequently pos¬ 
sible to eliminate all steam power from the 
enginehouses, and this will effect very sub¬ 
stantial savings in enginehouse costs. 

Repair costs for steam power must be 
prepared from averages of similar operations 
over a long period of years corrected 
to the present-day value of the dollar. 
The reason for this is that certain costly 
repairs (classes I, II, and III) occur more 
or less infrequently and yet must be 
considered in the averages for the life 
of the locomotive. Similarly, Diesel- 
electric and electric niotive-power-repair 


expense figures - must have a contingent 
amount included over and above normal 
current repair costs to cover reconditioning 
of long-life items. It may be pointed out 
that while the repair costs of the running 
gear and electric equipment are nearly com¬ 
parable for Diesel-electric and electric 
locomotives, the repair cost of the Diesel- 
electric will always be much higher than for 
the electric unit, because of the engine- 
repair costs, and also because it may be 
necessary to use a multiplicity of Diesel- 
electric cabs to do the work which may be 
performed by a single electric cab. 

Locomotive Utilization 

With all of the costs tabulated, the operate 
ing cost per year for each method of pro¬ 
pulsion may be determined by combining 
these with the cost of the necessary relief- 
locomotive costs where the relief locomotive 
differs in type. In the case of steam or elec, 
trie operation, it may be assumed that suf¬ 
ficient reserve motive power is available to 
fulfill the scheduled service with that type of 
power, but where relatively few Diesel- 
electric motive power units are available, 
the total miles or hours of Diesel-electric 
operation are lower than the yearly requisite 
by the amount of relief necessary. The 
total hours and cost must then be filled out 
by steam-locomotive relief time and cost. 

In the case of switching locomotive power, 
it is often found that the Diesel-electric will 
cut the number of hours of service required 
to do a given amount of work. This is par¬ 
ticularly true in congested yard service, where 
a Diesel-electric locomotive will switch from 
20 to 33 per cent more cars per hour. In 
isolated service, however, a one-to-one 
ratio usually holds, except that the Diesel- 
electric locomotive will frequently reduce or 
eliminate the overtime hours which are 
necessary with steam. To determine the 
actual ratio of hours (straight and overtime), 
it is necessary to analyze all switching-loco¬ 
motive assignments. In preparing a switching 
comparison of operating costs, it is usually 
desirable to segregate the cost tabulation 
into those services where the operation ig. 
continuous, where locomotives are assigned 
16 hours per day.^and where assignments are 
for one trick pej- day only. In the last case, 
an economic justification of Diesel-electric, 
locomotives depends upon a very low Diesel- 
electric first cost as compared to steam. 

Fixed Charges 

To figure the total cost of owning and 
operating any type of motive power, it is 
necessary to include those annual charges 
which are applicable. These fixed charges, 
independent of the intensity of utilization, 
are : 

Interest on the investment. 

Depreciation charge. 

Taxes. 

Insurance. 

Since it is necessary for railroads to bor-. 
row money to purchase new motive power, 
the annual interest charge should be figured ' 
on the purchase price plus the first years J 
interest charge, which is usually paid in 
advance. 

The depreciation rate is usually higher for 
Diesel-electric locomotives than for either 
of the other types of power. When added 
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experience with this type oT motive power 
has been obtained, it may be found proper 
to establish a rate of depreciation com¬ 
parable to that used for other types of power, 
Taxes and insurance vary for different 
localities and must' be determined on the 
same investment as is used for calculating 
the depreciation charge. 

Total Yearly Cost of Each System 

^By totaling the fixed charges for any type 
^i«P°wer and adding to its yearly operating 
cost, the annual cost of owning and operat¬ 
ing each type is obtained. Since the selec¬ 
tion of a system of motive power is usually 
based on financial considerations, the results 
of the tabulations should have considerable 
weight in determining the type of locomotive 
which should be purchased. 

Comparative Figures Must Be Fair 

In. order to be of value in analyzing the 
relative merits of the different types of 
power, all figures and calculations must be 
fair. If the approach to such an analysis is 
biased by a predilection for any one of the 
types, there are many ways in which a pref¬ 
erence may be shown. The results of such a 
tabulation, however, are valueless. 

Field for Electrification 

The traffic conditions which must exist 
in order to justify electrification are fairly 
well known. Unless the traffic density is 
high, or special conditions exist to warrant 
the cost of erecting a power distribution sys¬ 
tem, consideration of electrification is seldom 
warranted. It must be understood, how¬ 
ever, that, where concentration of loco¬ 
motive power is essential, no other type of 
propulsion as yet devised can compete with 
the electric locomotive. 

Field for Diesel-Electric Motive Power 

Diesel-electric motive power is extremely 
flexible in its range of operation and has 
fairly low operating costs. Where it may be 
used intensively, so that the fixed charges per 
mile or hour are low, the total cost of owning 
and operating units of this type is in its 
favor. For the large bulk of the locomotive 
operations in the United States, however, 
freight locomotives average but 102 miles 
per day and passenger locomotives but 166. 
Until the first cost of Diesel-electric power is 
not more than 50 per cent greater than that 
for satisfactory steam power, the savings 
which may be made by Diesel-electric road 
power will not justify the replacement of 
steam power in the average service. How¬ 
ever, as the existing steam power must be 
retired because of age, the Diesel-electric 
sayings need only justify the additional 
price necessary to acquire the Diesel-electric 
instead of new steam power. 

Diesel-electric locomotives may be used 
more intensively than steam power. This 
results, in some instances, in replacing sev¬ 
eral steam locomotives with one Diesel- 
electric locomotive of the same train-haul¬ 
ing capacity (two or three to one). . 

Fundamental Basis for !Motive Power 
Study 

. ^ sllo uld be emphasized that all compara¬ 
tive studies should start with a consideration 


F OR its part in the development of the 
power-recovery system of testing air¬ 
craft engines the electrical industry may 
properly take pride. It has aided the 
war effort by helping to give to the air¬ 
craft-engine industry a testing technique 
that contains advantages not previously 
available. In this system of testing 
worth-while energy can be saved—more 
than half that required to operate an air- 
craft-engine manufacturing plant—and 
power demand can be reduced to the ex¬ 
tent that power-demand costs and the 
capacities of power-supplying apparatus 
are materially reduced, engines can be 
tested with the ease and the quietness 
typical of electric machinery, testing can 
be carried on in buildings of simplified de¬ 
sign, accurate electric load-readings can 
be obtained to check and substantiate 
readings taken by conventional engine¬ 
testing methods, and, as reported by an 
aircraft engine builder, testing may be ac¬ 
complished more quickly than with other 
systems. All of this can be done too on a 
basis that is economically sound. 

What is the power-recovery system of 
testing aircraft engines? It is the purpose 
of this paper in its entirety to answer 
that question. How was this system of 
testing started, and what were the reasons 
for developing it? The answer to this 
latter question can be given in a few 
paragraphs. 

The development of the power-recovery 
system of testing aircraft engines started 
in the fall of 1937 as a result of an inquiry 
from Pratt and Whitney Aircraft, division 

Paper 43-41, recommended by the AIEE committees 
on industrial power applications and air transporta¬ 
tion for presentation at the AIEE national technical 
meeting, New York, N. Y., January 25-29, 1943 , 
Manuscript submitted November 10, 1942; made 
available for printing December 22, 1942. 

G ; E. Cassidy and W. L. Wright are in the indus¬ 
trial engineering department, General Electric 
Company, Schenectady, N. Y., and W. A. Mostel- 
ler is in the engineering department, General 
Electric Company, Detroit, Mich. 


of the characteristics of the railroad (pro¬ 
file, alignment, speed restrictions, and so 
forth) and of the maximum size of train to 
be handled. Where existing locomotives are 
handling a service, it is frequently possible 
to apply larger Diesel-electric or electric 
locomotives and show excellent economies. 
On the other hand, new steam power of the 


of United Aircraft Corporation, East 
Hartford, Conn. 

In substance, Pratt and Whitney Air¬ 
craft asked: Can a system of testing be 
devised which will be economically effi¬ 
cient and which will make the loading of 
large engines easy and simple, and which 
will, at the same time, conform to the re¬ 
quirements of aircraft-engine testing? 

The following, again in substance, is an 
explanation of why such an inquiry was 
made: 

Extensive engine testing under loaded 
engine conditions has always been a neces¬ 
sary part of aircraft-engine design and de¬ 
velopment and a necessary part of regular 
everyday aircraft-engine manufacture or 
Production. Such testing is necessary dur¬ 
ing development, because new designs, 
either of complete engines or of engine 
parts, must be verified by test. Such test¬ 
ing is necessary during manufacture, be¬ 
cause it is by test only that each engine 
coming through production can be proved 
satisfactory and acceptable. The former 
class of testing, generally referred to as 
laboratory or development testing, is only of 
incidental interest in the present purpose. 
This development testing is generally ac¬ 
complished by means of some form of 
cradled dynamometer or by means of such 
a dynamometer and a test stand on which 
the engine can be mounted and loaded by 
means of a propeller. The main issue and 
the real point of discussion is the latter 
form of testing, testing during manufac¬ 
ture, or what is commonly referred to as 
production testing. 

Associated with production testing of 
aircraft engines to such an intimate degree 
that it becomes an inherent part of this 
testing is the breaking in of the engine. 
When an aircraft engine is placed in an 
aircraft, it must be ready to deliver its 
rated output. It must be ready to take 
off and fly. 


larger hauling capacity would also show im¬ 
proved economies. The exception to this, 
of course, is where the electric locomotive 
will afford a power concentration not avail¬ 
able in either of the other types and thus 
effect savings or improvement in service 
not obtainable with other than electric 
locomotives, 
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Thus, for production testing of aircraft 
engines the aircraft-engine industry has 
always used testing techniques that in-' 
volve several relatively lengthy loaded en¬ 
gine operating periods during which an en¬ 
gine is simultaneously proved in and bro¬ 
ken in. 

The situation in 1937 was that the only 
schemes used for production loading of 
aircraft engines were those involving pro¬ 
pellers, water brakes, electric brakes, and 
similar devices, all of which involve dis¬ 
posal of engine power by complete wast¬ 
age. The fuel consumed accomplished no 
useful purpose other than to permit test¬ 
ing the engine. Furthermore, engines 
were growing in size to the extent that 
testing schemes involving the disposition 
of power by wastage were beginning to 
present difficult problems. 

The Pratt and Whitney Aircraft in¬ 
quiry, therefore, led to the finding of a bet¬ 
ter and easier way to test aircraft engines 
and one in which the greater part of the 
power generated by the engine was recov¬ 
ered. 

First Power-Recovery Testing 
Installation 

The first solution was a power-recovery 
system employing a synchronous machine 
with a slip coupling. 

Figure 2 shows schematically the ar¬ 
rangement of this power-recovery stand. 
This consists of a synchronous machine, 
which acts as either a motor or generator, 
and a hydraulic slip coupling interposed 
between the engine and the synchronous 


Figure 1. Aircraft engine in engine test room 
ready for moving in place for connection to 
power-recovery test stand 

View is through the test operator’s observation 
window. Test operator’s control bench is in 
the foreground 

machine. Two such equipments were 
placed in operation at Pratt and Whitney 
Aircraft, East Hartford, Conn., in the 
spring of 1940. Figure 3 shows the electric 
part of a similar equipment subsequently 
supplied to another engine builder, The 
hydraulic coupling, to be added to the 
electric unit, will be mounted on the main 
base extension shown. 

Operation of Slip-Coupling 
Synchronous-Machine Test Stand 

It is an obvious truth that the only gen¬ 
erally universal way to dispose usefully of 
the aircraft-engine output is to convert 
that output into electric energy and dis¬ 
pose of the resulting electric energy by 
making it available in the engine-plant 
electric power mains. In other words, 
any universally applicable power-recov¬ 
ery system of testing must be an electric 
system, and it must have as its foundation 
of operation an, electric generator of one 
form or another. 

In Figure 2, the generator is a synchro¬ 
nous machine. It is equipped with an 
amortisseur winding and is started and 
connected to the line by being started at 
full voltage in the conventional synchro¬ 
nous-motor manner. During starting the 
coupling is set to transmit no torque, so 
that the synchronous machine starts un¬ 


loaded, and the engine and engine half of 
the coupling remain at rest. After being 
connected to the line, the synchronous 
machine functions as a motor or genera¬ 
tor, depending on whether mechanical 
energy is taken from it or delivered to it. 

The synchronous machine operates at 
only one speed, synchronous speed, where¬ 
as the engine must operate over a range in 
speed. Furthermore, the synchronous 
machine will not control the loading of the 
engine. Within the limits of its capacity, 
it will deliver or absorb as much power as 
may be taken from it or delivered to it. 
Therefore, by itself, it will not meet two 
basic engine-testing requirements, namely, 
the control of the speed and the control of 
the torque at which an engine is loaded. 
Accordingly, the slip coupling is inserted, 
and it is the function of the slip coupling 
to provide these requirements. 

The operation of this combination of 
synchronous machine and slip coupling is 
this: After the synchronous machine has 
been brought to speed and synchronized 
in the manner previously mentioned, the 
coupling is controlled to make the syn¬ 
chronous machine “turn over” the engine 
or run the engine mechanically. Then the, 
engine is “fired," and after it is warmed 
up, it is brought, by its own power, to a 
speed above that of the synchronous ma¬ 
chine. The synchronous machine, then 
acting as a generator, loads the engine on 
the power system by slipping in the coup¬ 
ling. The amount and the speed of this 
loading arc controlled by the engine throt¬ 
tle and the degree to which the coupling is 
“energized." 

It is of parenthetical interest that in 
this application the hydraulic slip coup¬ 
ling is used for the first time in a new role. 
Prior to its use here, it had been used 
either at low-slip values or on drives with 
rapidly decreasing power with increase in 
slip, such as fan drives. In the engine- 
loading application, the power to be trans¬ 
mitted through the coupling increases and 
increases rapidly with increase in coupling 
slip. 

Engine and Test-Stand Loading 

A power-recovery test stand designed 
for engine loading or generating require¬ 
ments generally will have ample capacity 
for any corresponding motoring require¬ 
ments. As a simple illustration of genera¬ 
tor and coupling loading and power dis¬ 
tribution between them, assume that an 
engine with the characteristic shown in . 
Figure 4 is to be tested at speeds of 1,000 
rpm, and 1,200 rpm, and that the syn¬ 
chronous machine has a speed of 720 
rpm. Then, neglecting test-stand effi- 
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ciency which will be mentioned presently, 
the power distribution is as follows: 


Engine-Output 

Shaft 

(Propeller Shaft) 

Coupling 

Loss* 

Generator 

Loading** 

Speed 

(Rpm) 

Horse¬ 

power 

Horse- Kilo- 
power watts 

Horse- Kilo- 
power watts 

1,000. . 

1,200. . . 

. 920. . 
. 1,550. . 

. .258_192. . 

..620.. .463.. 

..662....490 
. .930_695 


* Proportional to slip: (1,000 - 720 = 280)/1,000X 

020 = 258 

** Inversely proportional to engine speed: 720/ 
1,000X920 = 662 

Thus at 1,550 horsepower output of the 
engine, all of the 1,550 horsepower is not 
lost as is the case with systems of the load- 
dissipating type. The bulk of the power, 
930 horsepower, is made available for use¬ 
ful purposes by the generator. 

This distribution of engine output be¬ 
tween power lost and power recovered is 
typical of all power-recovery systems dis¬ 
cussed in this paper. That is, the power 
lost is proportional to the degree to which 
the engine operates above the synchro¬ 
nous speed of the generator. The differ¬ 
ence between the engine output and the 
power lost is, again neglecting efficiency, 
the power recovered. 

Figure 5, which is actual test data, illus¬ 
trates more exactly the character of power 
distribution. Curve A is the engine out¬ 
put for a typical load run. C is the power 
returned to the power system through the 
generator. The difference between A and 
C is the total power lost and is made up of 
the true slip loss A-B, the same as previ¬ 
ously mentioned, and the transmission 
loss B-C . This latter loss is made up of 
two parts, the losses in the slip coupling or 
equivalent device and the losses in the 
loading generator. Tests indicate that 
the transmission losses remain approxi¬ 
mately constant for all loading conditions, 
and in value are approximately five per 
cent of rated engine output. 

The ultimate interest from the stand¬ 
point of power recovery is, of course, gen¬ 
erator horsepower hours or kilowatt- 
hours output. This involves the time fac¬ 
tors in the engine-testing schedules and 
will be referred to presently. Before do¬ 
ing so, however, it will be helpful to know 
about the power-recovery developments 
that have been made since the original 
Pratt and Whitney Aircraft installation. 


Figure 2 (left). Sche¬ 
matic view of the 
first power-recovery 
test stand 

.1, Figure 3 (right). 
Power-recovery test 
stand of the syn¬ 
chronous - generator 
type designed for the arrange¬ 
ment shown in Figure 2 

The hydraulic coupling will be 
mounted on the base extension 


Power-Recovery Developments 
Since the First Power-Recovery 
Installation 

In the fall of 1940, approximately six 
months after the original Pratt and Whit¬ 
ney Aircraft installation was placed in op¬ 
eration, the building of the first of three 
aircraft-engine plants to be erected by the 
automobile industry, using the power-re¬ 
covery system of testing, was initiated. 
For the purpose of this paper, these engine 
plants can be designated as plant 1, plant 
2, and plant 3. 

For plant 1 the synchronous-machine 
hydraulic-coupling scheme of testing was 
adopted. 

Work on plant 2 was started in the 
spring of 1941, and for this plant the same 
scheme of testing was adopted, except 
that magnetic slip couplings of the eddy- 
current type instead of hydraulic coup¬ 
lings were used. A modification in the 
testing scheme also was incorporated with 
these magnetic couplings in that they are 
arranged for braking below synchronous 
speed, as explained presently. 

For plant 3, the most recent of the 
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Figure 4. Curve to illustrate the fundamentals 
of engine horsepowers and speeds as discussed 
in text 


plants, another system of testing involv¬ 
ing wound-rotor induction generators was 
developed to meet the requirements of 
this installation. These induction test 
stands will be described presently also. 

At this writing there are now installed 
or on order for these various locations a 
large number of power-recovery testing 
equipments through which aircraft-engine 
production is or will be pushed. This 
total is a growing percentage of the total 
of all types of stands installed since the in¬ 
ception of the power-recovery system of 
testing. The equipments are made up of 
Westinghouse, Allis-Chalmers, or General 
Electric generators and, where used, hy¬ 
draulic coupling division of American 
Blower Corporation hydraulic couplings 
or Dynamatic Corporation magnetic 
couplings. 

Braked Magnetic-Coupling 
Synchronous-Machine Test Stand 

The synchronous machine of Figure 2 
has a relatively high synchronous speed, a 
speed that is in the upper reaches of the 
engine speeds. This high speed is se¬ 
lected in order to minimize the loss in the 
coupling which, as already stated, in¬ 
creases with increase in the difference be¬ 
tween the engine and generator speeds. 
Also, as already stated, the engine cannot 
be loaded on the generator below syn¬ 
chronous speed, since at any engine speed 
below synchronous speed the synchronous 
machine will act as a motor. That is, the 
slip coupling is a speed stepping-down and 
not a speed stepping-up device. There¬ 
fore, the selection of a high generator 
speed presupposes that an engine is ready 
to operate at this high speed before it is re¬ 
quired to be loaded; that is, it has been 
partially broken in by mechanical opera¬ 
tion, possibly on the test stand itself, or 
possibly on a separate electric-motor run¬ 
ning-in stand. 

At the plant 2 installation an engine can 
be loaded below generator speed by load¬ 
ing on the magnetic coupling. To permit 
this, the generator and generator half of 
the coupling are held stationary by means 
of a brake when the engine is operating be- 
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Figure 5. Test-cell performance showing Figure 6 (right). Schematic arrange- 

typical distribution of power loss and power ment of induction generator power- 

recovery for a power-recovery test stand recovery stand 


^ _ FORCED VENT RESISTOR CUBICLES^ 

AIR-FLOW RELAYS 

i 



low synchronous speed. In other words, 
below synchronous speed the magnetic 
coupling functions in the same manner as 
any eddy-current loading machine, and 
above synchronous speed, with brake re¬ 
leased and generator operating, it func¬ 
tions as a slip coupling. The magnetic 
coupling is water cooled and, designed for 
the slipping operation, has inherently suf¬ 
ficient capacity for the braked operation. 
The fact is that the loss of power under 
the braked condition of operation is low. 
This is so, because the engine outputs at 
low speeds are low, and the duration of the 
loading runs at low speeds are compara¬ 
tively short. 

Induction-Generator Power- 
Recovery System 

Thus at the plant 2 installation a modi¬ 
fication of the original power-recovery 
unit was made which permitted loading an 
engine below synchronous speed by the 
addition of a brake. For the plant 3 in¬ 
stallation, still broader test-stand require¬ 
ments were set up. For this installation 
it was desired not only to load the engine 
over its entire speed range but also to load 
the same engine in this manner when 
equipped with gear heads having three 
different ratios of speed reduction and 
consequently three different engine-out¬ 
put shaft speeds. This, requirement 
made necessary a test stand of very con¬ 
siderably greater range of speed than pre¬ 
viously used with the synchronous-ma¬ 
chine slip-coupling stands, approximately 
4:1 as compared with 1.5:1 or 2:1. Also, 
in this installation it was desired to elimi¬ 
nate the necessity of dissipating losses by 
means of cooling water, a requirement 
which assumes increased importance in 
the light of the increased speed range of 
operation and consequently increased slip 
loss. 


These requirements pointed to a new 
type of stand, and, as already stated, the 
wound-rotor induction-generator stand 
was developed accordingly. Figure 6 
shows schematically the fundamentals of 
the induction-generator stand. 

As is well known, the induction genera¬ 
tor is a variable-speed machine with in¬ 
herent characteristics similar to those of 
the conventional wound-rotor induction 
motor. In its application to the test 
stand, the electrical design of the induc¬ 
tion machine is such that its synchronous 
speed corresponds approximately to the 
minimum loading speed of the engine. 
When the generator is connected to the 
power system and driven by the engine at 
any speed above its normal synchronous 
speed, the generator will pump part of the 
engine output into the power system as re¬ 
covered power and remainder into the load¬ 
ing resistor as lost power. The propor¬ 
tions of these powers are the same as for 
synchronous-machine slip-coupling stand. 

With this wound-rotor induction-type 
stand the sequence of operation will be 
somewhat as follows: The first operation 
consists of a cold start and run-in test for 
testing mechanical operation and lubrica¬ 
tion of the engine, the same as with the 
synchronous stand. This is done by start¬ 
ing up as an induction motor by secondary 
resistance control. After starting, speed 
is gradually increased up to approxi¬ 
mately synchronous speed of the motor. 
When ready to ‘ ‘fire, ’ ’ the ignition switch 
is turned on and the engine throttle ad¬ 
justed for approximate idling speed. 
When ready to load, the throttle is 
opened, and, as the generator speed passes 
through synchronism, load is applied au¬ 
tomatically to the engine. By the proper 
manipulation of the loading resistor and 
the engine throttle, any desired values of 
load and speed are then established and 
maintained. 


FOR ENGINE 
INSTRUMENTS 


o 

SPEED 

START, 

STOPl 




o 

KW TORQUE 

INCREASE^] rfiuP 
DECREASES ID DOWN 


CONTROL DESK 


Figure 7 illustrates the nicety of speed 
and torque control available with this 
form of drive. In this figure the synchro¬ 
nous speed of the induction machine is 
33 per cent of normal rated engine speed. 
The upper left-hand quadrant is the mo¬ 
toring range and the lower right-hand 
quadrant the generating range. The mul¬ 
tipoint vernier control indicated is super¬ 
posed on any one of the main loading 
points with the result that a very close 
speed and torque control is obtained over 
the entire range of operation. 

Figure 8 shows the horsepower-loss and 
horsepower-recovery division of loading 
corresponding to the three gear ratios of 
Figure 7. With an engine passing 
through the usual test time and loading 
cycles the division of horsepower hours or 
kilowatt-hours recovered and lost would 
be somewhat as follows: 


Engine Gear 

Ratio 

High 

(A) 

Per Cent 

Medium 

(B) 

Low 

(C) 

Kilowatt-hours re¬ 
covered. 

.58. . 

_47_ 

..37 

Kilowatt-hours 

lost. 

.42. . 

_53_ 

. .63 


Disposition of Power Loss With 
Induction-Generator Stand 

One of the features of the induction- 
generator type of stand is the ease with 
which a high-loss loading element, the 
loading resistor, can be supplied, and the 
ease with which high-loss power can be 
dissipated. It will be noted from Figures 
7 and 8 that, because of the wide range of 
operation, the amount of power to be dis¬ 
sipated is relatively considerable. For 
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Figure 7. Torque-speed characteristics of 
induction-generator power-recovery stand de¬ 
signed for testing an engine with three different 
gear heads 

The solid lines A, B, and C are normal loading 
ranges for high-, medium-/ and low-gear ratios 
respectively. The points A', B' f and C f are 
take-off loadings. The dive test point repre¬ 
sents the highest speed to which the stand is 
required to operate 

the more common present large engines 
equipped with gear ratios as previously 
discussed, the loading resistor would have 
a maximum continuous rating of approxi¬ 
mately 1,200 kw. With the use of a re¬ 
sistor of the finned Calrod construction it 
is a relatively simple matter to blow this 
energy into the air. With such a con¬ 
struction no consideration need be given 
to the cost and availability of a suitable 
water-cooling or water-energy dissipating 
system. 

Aircraft-Engine Testing With 
Propellers 

The aircraft-engine industry has made 
testing developments of its own, so that a 
variety of testing schemes from which to 
choose are available to the designer of an 


engine-testing procedure and layout. But 
in the manufacture of the large engines 
produced today, the selection of a testing 
scheme probably would resolve into a 
choice between testing with propellers 
similar to aircraft propellers and testing 
with power recovery. 

Figures 10 and 11 illustrate typical 
physical arrangements for these two 
schemes of testing. It will be noted that 
the structures shown differ fundamentally 
in that with propeller testing the structure 
must be designed to accommodate the air 
stream set up by the engine loading pro¬ 
peller, whereas with the power-recovery 
system this is not necessary, because the 
air stream is not present. 

For the rest of this paper, the state¬ 
ments made may be scrutinized with the 
view that, if power-recovery testing were 
not used, propeller testing would be. 

Recovery of Power 

If one knows the engine sizes and rates 
of production and the horsepower-speed- 
torque characteristics of the testing cycles 
it is a simple matter to calculate the ex¬ 
pected recovery of energy. These calcu¬ 


lations will predict minimum or pessimis¬ 
tic expected results, however, because 
they will not take into account tests that 
have to be repeated for one reason or an¬ 
other, tests called penalty runs. For the 
purpose here, therefore, it is preferable to 
use actual test data and records. 

_ From the standpoint of individual en¬ 
gines, records show that, from each engine 
of large rating coming off an assembly 
line, there may be recovered anywhere 
from 3,000 to 6,000 kilowatt-hours of 
energy. 

From the standpoint of over-all engine¬ 
manufacturing-plant operation, Figure 9 
is indicative of what may be expected 
This figure is the plotting of the over-all 
performance of one of the new engine 
plants for a period of 72 consecutive 
hours. The plotting is actual normal 
plant performance made from instrument 
readings taken at the plant for the period 
indicated. The top curve shows the plant 
power consumption. The bottom curve 
shows the power purchased from the con¬ 
nected public utility. The difference be¬ 
tween the two is the power recovered from 
the power-recovery test stands. It will be 
noted that this recovered power is more 
than half that required to operate the 
plant. 

Table I. Record of Percentage of Total 
Engine-Plant Power Consumption Supplied by 
Power-Recovery Testing for a Large Engine 
Plant During a Period of Six Months 


Month 

Per Cent 
Recovery 

1. 


2. 


3. 

53 0 

4. 

*7 

5...:. 

59 6 

6. 



Table I is similar over-all plant per¬ 
formance for a period of six months and 
shows again power recovery exceeding 
half of the total power required to operate 
the plant during that period. 

Reverting to Figure 9, it will be seen 
that power-recovery testing also reduces 
power demand and consequently pur¬ 
chased power^demand charges. Without 
power-recovery testing, demand charges 
would be based on the top instead of the 
bottom curve. Obviously, also, the ca¬ 
pacity of interconnecting apparatus such 
as transmission lines and transformers 
would have to be based on the top instead 
of the bottom curve. 

The power-recovery system saves en- 
ergy, reduces demand charges and inter¬ 
connecting apparatus capacity, and does 
all this to an important degree. A pro¬ 
peller test stand will not do any of these 
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showing the division 
between horsepower 
lost and horsepower 
recovered for the 
conditions of opera¬ 
tion shown in Fig¬ 
ure 7 

For example, the 
area under curve A 
is engine output, 
and that under cor¬ 
responding curve D 
is power recovered. 
The difference be¬ 
tween the two is the 
power lost 
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Figure 9. This 72-hour total plant power chart 
sh ws plant load, power recovered from the 
test stands, and purchased power 

The area between the two curves represents 
the power supplied to the plant by the power- 
recovery test stands. In this record, 57 per 
cent of the total plant load is secured by 
power recovery and 43 per cent is purchased 
from the connected power company 


open to the engine builder. It is an in¬ 
volved subject, however, and entails 
departure from aircraft-engine testing 
procedure of long standing. 

Cost of Power-Recovery Testing 
Equipment 


things. These are important accomplish¬ 
ments that are of direct interest to the en¬ 
gine builder. 

Measurement of Engine Loading 

Besides the advantages enumerated at 
the outset of this paper, the power-recov¬ 
ery system of testing carries the important 
advantage that it is still open to expansion 
and improvement. As the paper shows, 
this system of testing is very new. Its 
full possibilities have not yet had time to 
develop. 

One such possibility is the accurate 
measurement of engine loading by electric 
instrument measuring techniques. When 
the mechanical energy output of the en¬ 
gine has been converted into electric en¬ 
ergy, the basis for such measurement is 
present. This is an important asset of the 
power-recovery system of testing that is 


When all pertinent considerations are 
taken into account, the cost picture sur¬ 
rounding power-recovery testing is par¬ 
ticularly favorable. The question from a 
cost standpoint is: how much more does 
a power-recovery system cost than a sys¬ 
tem in which power is not recovered, for 
example, the propeller system?, In other 
words, to justify any greater cost for 
power-recovery testing, it is necessary 
only to justify the difference between the 
cost of power-recovery testing and such 
another system as may be contemplated. 

The cost of the test-stand equipment re¬ 
quired for a large engine power-recovery 
stand will likely be between $20,000 and 
$30,000. This equipment cost is largely 
offset, however, by the simpler building 
structure permissible with the power-re¬ 
covery system. Those that are in a posi¬ 
tion to know building cost differences and 
such other cost differences that enter into 
over-all cost computations have sub¬ 


Figurc 10. Schematic section of a modern propeller test stand 



mitted cost differences ranging from noth¬ 
ing to $15,000 per test stand for a power - 
recovery testing system of the capacity 
being discussed in this paper. 

Assume that the difference standing 
against power-recovery testing is $15,000. 
Assume likewise that 1.5 engines per day 
per stand per 300-day year are tested at a 
saving in kilowatt-hours per engine of 
4,000. Then with power at $0,004 per 
kilowatt-hour the annual saving is $7,200. 
The corresponding amortization rate is 
slightly over two years. In other words, 
the cost difference is eliminated in slightly 
over two years, and thereafter the savings 
continue indefinitely. No nonrecovery 
testing system can present such an out¬ 
look from an investment standpoint. 

Furthermore, the preceding cost picture 
is not the best that can be presented. It 
does not take into account reduction in 
power-demand charges. Likewise, it does 
not take into account the possibility of 
testing engines more quickly by power-re¬ 
covery and consequently the possibility of 
installing fewer stands for a given plant 
engine output. 

Use of Critical Materials 

In these times, the use of the critical 
materials necessary with power-recovery 
testing is, of course, a consideration of first 
line importance. New installations of 
power-recovery testing could not be advo¬ 
cated without a favorable critical-mate¬ 
rials situation. 
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The approach to the critical-materials 
problem is in the fact that the use of criti¬ 
cal materials is necessary to generate and 
supply power to any aviation engine 
plant, regardless of what means of secur¬ 
ing power may be used. If the power-re¬ 
covery system of testing can supply power 
with less use of such materials, its adop¬ 
tion should be justifiable, in fact, advo¬ 
cated. 

Table II shows a comparison between 
the critical materials involved in obtain¬ 
ing a kilowatt of load capacity from 
power-recovery equipment and from a 
medium-size steam-generating plant: 


Table II 


Power Recovery 

Critical materials pounds per kilowatt 

Copper.10 

Iron and steel.90 

Steam Plant 

Critical materials pounds per kilovolt¬ 
ampere 

Copper.50 to 70 

Iron and steel.250 to 400 


The data show that power recovery is 
very much favored. Unless the circum¬ 
stances surrounding a specific engine plant 
are very unusual, the conclusion is evident 
that it is in the best interest of the war ef¬ 
fort to advocate the installation of gen¬ 
erating capacity right at the engine plant 
by power recovery rather than to advo¬ 
cate the installation of an equivalent ca¬ 
pacity in a distant steam station. 

The Future of Power-Recovery 
Testing 

The advantages of the power-recovery 
system as applied to the testing of aircraft 
engines have not yet had time to be ap¬ 
preciated universally. The statements 
made in the foregoing recital are simple 
engineering facts, easily checked, and 
they all point to the conclusion that 
power-recovery testing has intrinsic value 
that cannot be passed by lightly. Power- 
recovery testing has advantages that can¬ 
not be secured from any other form of 
testing. 

But, in the final analysis, it is the engine 
builder and not the electrical engineer who 
will point the way and decide to what fur¬ 
ther extent power-recovery testing will be 
used. It may be quite possible that with 
the passing of time the engine builder will 
point with more and more favor, because 
he is already pointing toward larger air¬ 
craft engines-and the larger the engine 
the more advantageous power-recoverv 
testing becomes. 
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Estimating Electric Loads for Military- 
Training Bases, Federal Housing, 
and Other ^X^artime Projects 


HAROLD M. POTTS 

ASSOCIATE AIEE 


I. Method of Estimating Loads 

A T present a great amount of engineer¬ 
ing talent is being utilized in the 
electrical planning and designing of 
various types of military-training bases, 
federal-housing projects, and other war¬ 
time projects. The Bonneville Power 
Administration has been requested to 
supply electric power to many types of 
war projects and of' course was con¬ 
fronted with the problem of estimating 
the power requirements of each. 

This paper is intended to show the 
methods used in estimating load require- 


derived data illustrating the effect of 
electric cooking on the total load. 

Detailed load estimates of various types 
of military bases and other wartime proj¬ 
ects in the following sections of the paper, 
are presented as examples from which cer¬ 
tain conclusions are drawn. 

The general method used is to portray 
for each hour or half-hour period of the 
day the expected fluctuation for the 
various classes of load. The detailed con¬ 
nected load is first segregated into groups 
which have similar characteristics as to 
the time and nature of their uses. The 
barracks lighting, mess-hall lighting, and 


Tabic I. Summary of Derived Information From Load Estimates of Military Training Bases 


0 Section II Section III Section IV 

Army Training Navy Training Air Training Lighter-Than- 
Base* Base** Basef Air Station* 


Number of men. 

Total connected kilowatts. 

Average monthly maximum kilowatts 
Annual maximum kilowatts. 

Demand factors (per cent)® 

Barracks and mess-hall lighting. 

Total load. 

Load factors (per cent)® 

Barracks and mess-hall lighting. 

Total load. 

Diversity between major load groups 
(per cent)®. 


35,000. 

...30,000 

...3,400 

. . . 1,000 

26,829 . . . 

...15,929 

...2,598 

. . .4,939 

6,394 

. . . 4,890 . . . 

....1,180 

. . .2,065 

7,726 

. . . 5,800 . . . 

...1,340 

. . .2,425 

41.5 . . . 

40 

50 4 

56 

23.8 . . . 

31 

45.4 

42 

54.4 . . . 

56 

... 54.6 

56 

74.8 . . . 

73 

69.4 

67 

1.48. . . 

1.27... 

1.14... 

1. 


* Complete electric cooking on one-sitting basis. 
12,885-kw connected cooking load. 

** Electric cooking on three-sitting basis. 4,481-kw 
connected electric-cooking load. 

t Electric cooking on three-sitting basis. Large 
loads in shop motors and hangar lights. 


t Approximately one half of total connected load 
in shop power and helium-repurification-system 
motors. Large load in hangar lighting. 

® Based on a typical average day. 

0 See reference 2. 


merits for various types of military and 
other wartime projects; to present cer¬ 
tain conclusions pertaining to the result¬ 
ing demand factors and load factors; 
to present test information on which bar¬ 
racks lighting and cooking loads are esti¬ 
mated; and, finally, to set forth certain 


Paper 43-60, recommended by the ArEE committee 
on domestic and commercial power applications for 
presentation at the AIEE national technical meet- 
mg, New York, N. Y., January 25-29, 1943. 
Manuscript submitted November 23, 1942; made 
available for printing January 4, 1943. 


— - w vmu me rates ana statu 
section, power management division, Bonne^ 
Power Administration, Portland, Oreg 

The author acknowledges the help of Claude 
Lester, acting chief of the rates and statistics 
tion, Bonneville Power Administration 


single-phase kitchen power are first segre¬ 
gated into one load group. This is done 
in order that the demand factors and 
daily load fluctuations of this type of 
load may be estimated by making use of 
the test information shown in the author’s 
article entitled 1 ‘Lighting and Cooking 
Loads in Army Barracks.” 1 The con¬ 
nected electric cooking load is next segre¬ 
gated into a single group so that the test 
information pertaining to this load may 
also be applied. In instances where the 
cooking is planned so as to prepare meals 
to be served on a two- or three-sitting 
basis or cafeteria style, the load peaks ap¬ 
plicable to each meal are broadened to 
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Table II. Electric-Cooking-Load Characteristics Based on Detailed Load Estimates of Mili¬ 
tary-Training Bases® 


Section II Section III Section IV 
Navy Air Lighter- 

Training Training Than-Air 

Base Base Station 


1. 

Connected cooking load. 

..12,885 

. . .4,481 

. .487 

223 


Per cent of total. 

48 . . . 

. 28 

19 

4 5 

2. 

Peak responsibility* 

Kilowatts©. 

Per cent. 

, . 2,576 

40.3 . . . 

...1,150 

23 5 

...126 
in 7 

...50 

9 4 


Watts per man. 

73.5**... 

38.3f... 

37 It 

an n0 

3. 

Incremental cooking load 






Kilowatts©. 

. 1,152 

...1,084 

. . . 88 

...50 


Watts per man. 

32.9**... 

36. If.. . 

. .. 25.8t. 

50.0(S> 

4. 

Ratio of 

kilowatt peak responsibility 






---(per cent). . 

connected cooking kilowatts 

20 _ 

. . . 26 _ 

. . . 26 _ 

.. 22 


Army 

Training 

Base 


* Demand of electric cooking load at time of the 
total peak. 

** Based on 35,000 men. 
t Based on 30,000 men. 


® Based on 1,000 men. These ratios high because 
of bakery and recreation building loads. 

© Includes estimated distribution and substation 
losses. 

0 Based on a typical average day. 


station in which the hangar lighting, 
shop power, and motive power for the 
helium repurification compressors form 
the principal loads. Motive power in 
this base is approximately one half of the 
total connected load. 

The summary of the demand factors 
shows that the barracks lighting is about 
40 per cent for the large bases. The 
smaller bases have higher demand factors 
of 50.4 per cent to 56 per cent. This is due 
to greater diversity being realized in the 
larger bases. The demand factors for the 
total load are reduced to 23.8 per cent for 
the largearmy base having electric cooking 
for meals on a one-sitting basis and 31 
per cent for the large navy base with 
electric cooking for meals on a three- 
sitting basis. Demand factors for the 
total load of the air training base and the 


t Based on 3,400 men. 

an extent consistent with their probable 
variation from the test curves. 

The office, shop, and other daytime 
loads are next segregated into groups 
having similar characteristics, and the 
hourly fluctuations during the day are 
estimated for each group. 

Night lighting of a steady nature such 
as street, protective, and flood lighting is 
considered as a group in which the full 
connected load will be used during all 
hours of darkness. 

The motive-power load is likewise 
segregated into groups of similar nature, 
and the load fluctuation of each group is 
estimated independently. Shop power, 
major refrigeration power, special power 
such as helium-repurification-compressor 
power (section IV) are samples of groups 
frequently found. Water pumping is 
estimated on the basis of the design plans. 
This type of load ordinarily can be oper¬ 
ated on an off-peak basis. 

Tables I and II present the general re¬ 
sults of detailed load estimates for the 
four types of military bases presented in 
sections II, III, and IV and for the large 
army cantonment, details of which appear 
in a second article by the author, entitled 
“Estimated Load for 35,000-Man Army 
Cantonment.” 2 

Table I presents a comparison of im¬ 
portant derived information on demands, 
demand factors, and load factors. 

Table III 


Total connected load.1,897 kw 

Average monthly maximum de¬ 
mand. 665 kw 

Annual maximum demand. 860 kw 

Average monthly load factor. 63 per cent 

Annual load factor. 49 per cent 

Demand factor of total load. 35 per cent 

Diversity between major load 

groups. 1,19 


# See reference 2, 

The first is the large army training base 
in which full electric-equipped kitchens 
are planned with meals to be served on a 
one-sitting basis. 

The second is a large naval training 
station in which the cooking is to be done 
electrically, with meals to be served on a 
three-sitting basis. Considerable steam- 
heated cooking equipment is used in this 
station. 

Third is an air training base in which 
the hangars and miscellaneous power 
form the major part of the load. 

The fourth is a naval lighter-than-air 


lighter-than-air station are 45.4 per cent 
and 42 per cent, respectively. These are 
types of bases in which the hangar and 
power loads predominate. 

The load factors for the barracks and 
mess-hall lighting are fairly constant 
at 54.4 per cent to 56 per cent. The load 
factors for the total loads range from 67 
per cent to 74.8 per cent, the higher load 
factors being expected for the large bases. 
The lighter-than-air station has the low¬ 
est estimated load factor, because the 
helium repurification process is assumed 
to be in use for only six days per month. 

The estimated diversity between load 
groups is 1.48 for the large army base 
having electric cooking for meals served 


Table IV. Summary of Cumulative Demand 

Factors for Typical Average Day Tablc V ' Summar Y of Cumulative Load Fac- 

tors for Typical Average Day 
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1 Lighting and 
small power 
in living quar¬ 
ters and mess 

halls. 4,064. . . .1,612. . . .40 

1—2 Includes addi¬ 
tion of gen¬ 
eral lighting 
and inciden¬ 
tal heat and 

power. 9,779. . . .3,421. . . .35 

1-3 Includes addi¬ 
tion of street 

lighting. 9,979-3,504_35 

1-4 Includes addi¬ 
tion of pump¬ 
ing (off peak). . 10,481.... 3,504_33 

1-5 Includes addi¬ 
tion of motive 

power.11,448. . , .3,806. . . .33 

1-6 Includes addi¬ 
tion of elec¬ 
tric cooking 

and baking. . . .15,929. . . .4,890. . . .31 

* Includes estimated ten per cent distribution and 
substation losses. 


1 Lighting and 
small power 
in living quar¬ 
ters and mess 


halls.21,790. . . . 1,612. . . . 56 

1-2 Includes addi¬ 



tion of gen¬ 
eral lighting 
and inciden¬ 
tal heat and 



1-3 

power.50,510. . 

Includes addi¬ 
tion of street 

. .3,421 . . 

. .62 

1-4 

lighting.53,150. . 

Includes addi¬ 
tion of pump¬ 

. .3,504. . 

. .63 

1-5 

ing (off peak) . . 59,090. . 
Includes addi¬ 
tion of motive 

. .3,504. . 

. .70 

1-6 

power.64,680. . 

Includes addi- 

. .3,806. . 

. .71 


tion of elec¬ 
tric cooking 

and baking. . . .85,720. . . .4,890. . . .73 


* Estimated requirements at the substation, in¬ 
cluding ten per cent distribution and substation 
losses. 
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Tabic VI. Peak Responsibility of Various 
Groups of Loads for Typical Average Day 


Group 


Type of Load 


Per 

Kilowatts* Cent 


Lighting and small 
power in living quar- 


3 . . 
i . . 


r».. 


ters and mess halls. . . 

.1,540. . . 

. 31.5 

, General lighting - and 
incidental heat and 

power. 

.1,881. . . 

. 38.5 

Street lighting. 

0. . . 

. 0 

Pumping (off peak). . . . 

0. . . 

. 0 

Motive power. 

. 319... 

. 6.5 

Electric cooking and 

baking. 

.1,150. . . 

.23.5 

Total of peaks. 

.4,890. . . 

.100.0 

Group Diversity = 6,188/4,890** = 

1.27 
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* Demands at time of estimated maximum demand 
for total load at the substation. Includes estimated 
ten per cent distribution and substation losses. 

** Sum of peats of individual groups (see Table 
VII). 

oil a one-sitting basis; 1.27 for the large 
naval training base with electrically 
cooked meals served on a three-sitting 
basis; 1.14 for the air training base in 
which the shops and hangars are operated 
continuously day and night; and 1.08 
estimated diversity between load groups 
in the lighter-than-air base in which the 
hangars, shops, and helium repurification 
system are all operated on a 24-hour per 
day basis. 

In Table II certain derived information 
on the electric cooking loads in each of the 
four bases is presented. 

It is to be noted particularly that the , 
connected cooking load for the large army 
base is nearly three times that of the navy 
base of approximately the same number 
of men in size. This is chiefly due to the 
effect of meal planning on one- and three- 
sitting bases, respectively. 

In each of the load estimates shown, the 
ratio of the cooking demand at the time 
of the total peak for the training base 
(peak responsibility) is always less than 
the ratio of the connected cooking load 
to the total connected load. As an ex¬ 
ample, the connected cooking load of the 
35,000-man army base is 12,885 kw or 48 
per cent of the total connected load, 
whereas the cooking demand at the time 
of the total peak is 2,576 kw or only 40 3 

per cent of the peak load. 

. P ea ^ responsibility of the cook¬ 
ing load in watts per man is 73 5 
for the army base, while it is only 38 3 
watts per man for the similar-sized navy 
base. The principal reason for this 
difference is the planning of the meals on 
a one-sitting basis in the army base and 
a «J* ee " Sl ^ n ^ k as ^ s in the navy base. 

The incremental cooking load per man 

anes from 25.8 watts to 36.1 watts. 
The fi^ re of 50 watts per man fQr the 

S Jtw Stati ° n is due t0 a ™jor- 

y f the total cooking load being com- 
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posed of night baking and ships service 
building loads, which probably will be 
used extensively at the time of the maxi¬ 
mum demand for the base. 

The most important conclusion relative 
to the electric cooking loads is the ratio 
of the peak responsibility to the connected 
cooking load. This is shown to vary from 
20 per cent to 26 per cent in the four load 
estimates presented. The ratio of 20 
per cent for the army base reflects cooking 
for meals on a one-sitting basis. This 
ratio is increased to 26 per cent for the 
training bases having meals served in 
three sittings. This difference is re¬ 
flected by the longer duration of the peak 
periods and the reduced diversity of cook¬ 
ing on the three-sitting basis. Thus the 
general conclusion is that only one fifth 
to one fourth of the total connected 
cooking load in these types of training 
bases may be reflected as actual demands 
at the time of the maximum demand for 
the entire training base. 

Estimated loads are shown in section V 

Table VIII. Summary of Cumulative Demand 
Factors for Typical Average Day 


Esti¬ 
mated 
Maxi- 
Con- mum 

nected Demand Demand 
Load at Factor 

(Kilo- Sub- (Per 

Service watts) station* Cent) 


1. Lighting in bar¬ 

racks, officers’ 
quarters, gal¬ 
leys, and so 

forth. 568- 286_50.4 

2. Includes addition 

of lighting and 
power in hos¬ 
pital. 782- 390_49.9 

3. Includes addition 

of lighting in 
administration 
building, offices, 
shops, and so 

forth.1,196_ 583_48.7 

4. Includes addition 

of lighting in 
recreation build¬ 
ing.1,448_ 676_46.7 

5. Includes addition 

of lighting in 

hangars.1,638_ 885_54.0 

6. Includes addition 

of lighting in 
streets, run- 
ways,, flood > 
lights, and so 

forth.1,688_ 940_55.7 

7. Includes addition 

of motive power 
in shops, refrig¬ 
erators, water 
pumps, and so 

forth.2,111_ 1,083_51.3 

8. Includes addition 

of electric cook- 

ingin galleys.2,485. .. .1,138_45.8 

9. Includes addition 

of electric cook¬ 
ing in hospital 
and recreation 

building.2,598. . . .1,180. . . .45 4 

Diversity = 1,350/1,180 = 1.14 


* Includes estimated ten per cent distribution 
losses. 


May 1943, Volume 62 


of the various types of living units con¬ 
tained in a large war housing project 
providing housing for 8,700 families and 
4,000 single men. These types consist of 
apartments, dormitories, temporary de¬ 
mountable houses, and permanent houses. 
The over-all connected load is 87,764 kw, 
including allowances for pumping and 
commercial uses. The estimated maxi¬ 
mum demand is 10,725 kw, resulting in 
an annual demand factor of 12.2 per cent 
for the entire project. 

Tabic IX. Summary of Cumulative Load Fac¬ 
tors Based on Typical Average Day 


Daily- 

Load 

Energy* Demand* Factor 
(Kilowatt- (Kilo- (Per 
Hours) watts) Cent) 


1. Lighting in bar¬ 

racks, officers’ 
quarters, gal¬ 
leys, and so 

forth. 3,750.... 280....54.6 

2. Includes addition 

of lighting and 
power in hos¬ 
pital. 5,030. . . . 390. ... 53.7 

3. Includ es addition 

of lighting in 
administration 
building, of¬ 
fices, shops, and 

so forth. 8,140.... 583. .. .58.2 

4. Includes addition 

of lighting in 
recreation 

building. 8,820.... 676_54.4 

5. Includes addition 

of lighting in 

hangars.12,790.... 885.... 60.2 

6. Includes addition 

of lighting in 
streets, run¬ 
ways, flood 
lights, and so 

forth.13,560.... 940 ....60.1 

7. Includes addition 

of motive 
power in shops, 
refrigerators, 
water pumps, 

and so forth.17,000. . . .1,083 ... .65.4 

8. Includes addition 

of electric cook- 

ingin galleys. . . . 18,740. . . . 1,138. . . . 68.6 

9. Includes addition 

of electric cook¬ 
ing in hospital 
and recreation 

building.19,660. . . . 1,180. . . .69.4 

* Includes estimated ten per cent distribution 
losses. 

A short discussion follows on the esti¬ 
mated loads, demand factors, and load 
factors for a typical army hospital and an 
army reconsignment depot. Similarity 
may be noted as to those factors as com¬ 
pared with the other types of bases dis¬ 
cussed. 

Army Hospital 

Plans for a typical army hospital de¬ 
signed for 1,000 beds on a general 1,500- 
bed plan were analyzed. Living quarters 
were planned for an operating personnel 
of 668 men. Complete electric cooking 
was provided for in the nurses’, officers’, 
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Tabic X. Peak Responsibility of Various 
Groups of Services for Typical Average Day 


Per 

Kilowatt s * C ent 


1. Lighting in barracks, of¬ 

ficers' quarters, galleys, 

andsoforth. 275.... 23.3 

2. Lighting and power in hos¬ 

pital. 115_ 9.7 

3. Lighting in administration 

building, offices, shops, 

andsoforth. 192.... 16.3 

4. Lighting in recreation build¬ 

ing. 66_ 5.6 

5. Lighting in hangars. 208. . . . 17.6 

6. Lighting of streets, run¬ 

ways, flood lights, and so 

forth. 55.... 4.7 

7. Motive power For shops, re¬ 

frigeration, pumps, and 

so forth. 143. ... 12.1 

8. Electric cooking in galleys_ 82.... 7.0 

9. Electric cooking in hospital 

and recreation building. ... 44.... 3.7 


Total.1,180_100.0 


* Based on estimated maximum demands at sub¬ 
station for maximum demand period of 6 to 7 p.m 

patients’, and medical-detachment messes 
and in wards, post exchange, and rec¬ 
reation buildings. 

The results of this detailed load esti¬ 
mate, which was performed in the same 
general manner used in other studies 
presented in this paper, are shown in 
Table III. 

In this hospital the connected electric 
cooking equipment was 1,048 kw, which 
accounts for 55 per cent of the total 
connected load of the hospital. The peak 
responsibility was estimated to be 319 
kw, or 48 per cent of the total maximum 
demand for a typical day. The ratio of 
the kilowatts of peak responsibility to 
the connected cooking load is estimated 
to be 30 per cent. 

Reconsignment Depot 

This is an army depot which is built 
for the purpose of receiving shipments 
of all types of supplies by rail and then 
regrouping and reshipping the supplies 
to various destinations. The major part 
of the labor will be done by civilians, 
most of whom will live outside the depot. 

The total connected load was found to 
be 1,293 kw, the major portion being 
lighting and space heating in warehouses. 
A limited amount of housing for civilians 
is provided. 

Electric cooking equipment is provided 
in a cafeteria, an officers’ mess, and a 
civilian mess hall. 

The estimated average monthly maxi¬ 
mum demand was 565 kw, which results 
in a demand factor of 44 per cent. The 
annual maximum demand is estimated to 
be 815 kw. 

Thus the method used in estimating 
the types of loads described in this paper 
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Tabic XL Naval Air Training Base—Estimated Load for 


Hour 


Group Number 
Type of Load 


Annual 

Maxi- 


Connected Load 
(Kilowatts). .. 


Lighting 
in Living 
Quarters 


568 


Lighting 

and 

Power in 
Hospital 


214 . 


Annual 

Maxi- 


Lighting in 
Offices, 
Shops, 


Annual 


Lighting 

in Recrea- Annual 

tion Lighting in Maxi¬ 


mum. and so forth Maximum Building Hangars 


4140 • 


. 252 f 


190J 


Night 
Lighting 
(Streets, 
Flood, 
and so 
forth) 


50 


Total 

Lighting 

. 1,688 


7 


Motive 

Power 

. 423®.. 


12-1 a.m. 

1-2. 

2-3. 


. . 45 .. 

. 45 . . 

45 

20**. 

. . 20 . 
20 


. 80 
80 

3-4. \ 


.. 45 . . 

. . 20 . 


. 80 

4-5. 


. . 60 . . 

. . 20 . 


. 80 

5-6 a.m. 


.150 . . 

. . 20 . 


80 

6-7. 


.230 . . 

. . 20 . 


. 85 

7-8. 


.210 .. 

50**. 


. 155 

8-9. 


.175 . . 

. . 50 . 


135 

9-10. 


.160 . . 

. . 50 . 


120 

10-11. 


.145 . . 

. . 50 . 


120 

11-12 noon. 


.145 . . 

. . 50 . 


120 

12-1 p.m. 


.150 . . 

. . 50 . 


120 

1-2. 


.. 145 

. . 50 . 


120 

2-3. 


.145 

. . 50 . 


120 

3-4. 


.150 

. . 50 . 


135 

4-5. 


. 200 

80 



5-6 p.m. 

.285... 

. 260* .. 

. . 90 . 

. .200. . 

AOu 

180 

6-7. 

.270... 

.250 

. . 105**. 

. .200. . 

175 

7-8. 

, . ..240... 

.220 

. . 105 . 

. .200. . 

165 

8-9. 

.220... 

.200 

. . 105 . 

. .200. . 

150 

9-10. 


. 110 ... 

. . 50 . 


130 

10-11. 


. 80 .. . 

, . 20 . 


80 

11-12 midnight. 


. 45 . . . 

, ._20 . 


_80 

Total. 


.3,410 

.1,165 


O CO K 

Daily load factor (per cent) . . 


. ’ 54.g!! ’ 

46.2. 






. . 190 


50 

.... 385 

... 130 .. 



.. 190 


50 

.... 385 

... 130 .. 



.. 190 


50 

.... 385 

... 130 ., 








... 190 


50 

.... 385 

... 130 .. 



. .. 190 


50 

.... 400 

... 130 .. 



.. 190 


50 

.... 490 

... 130... 


... 20 

. . 150 


50 

.... 555 

... 130 .. 


... 20 

.. 100 


25 

.... 560 

... 130 .. 


... 20 

. . 100 



.... 480 

... 130 .. 


... 20 

.. 100 



.... 450 

... 130 ... 


... 20 

.. 100 



.... 435 

... 130 ... 


... 20 

.. 100 



. . . . 435 

... 130 ... 


... 20 

.. 100 



... 440 

... 130 ... 


...20 

. . 100 



435 

... 130 ... 

... 130 . 


, ... 20 

. . 100 



. . . . 435 


... 20 

.. 100 



. . . . 455 

... 130 ... 


... 20 

. . 130 



.... 585 

... 130 ... 

.125.. 

...30 

. . 150 

.50. . . 

25 

... . 735 

... 130 ... 

.125. . 

... 60 . 

. . 190 

.50_ 

50 

. . . 830 

... 130 ... 

,125.. 

...125 . 

. . 190 

.50_ 

50 

. . . 855 

... 130 .,. 

125. . 

...125 . 

. . 190 

.50.. . . 

50 

. . . . 820 

... 130 ... 


...60 . 

. . 190 


50 

. . . . 590 

... 130 .. . 



. . 190 


50 

. . . . 420 

... 130 ... 



. . 190 


50 

. . . . 385 

130 


...620 . 

..3,610 , 

.. 79.2, 


700 

. . . . 12,330 
. ... 60.1 

q i on 


... 20.7. 


58.3 

. . . o, xzu , . , 

. . . . 100 ... 


* 568 kw connected X 51.5 per cent demand factor 
from test information X 90 per cent estimated 
diversity for 36 buildings = 260 kw estimated maxi¬ 
mum demand. 


** Estimated 50 per cent of lighting on at maximum; 
10 per cent at minimum; 25 per cent in day. 

f 252 kw connected X 50 per cent estimate night = 
125 kw; 10 per cent estimate day, or 20 kw. 


t 190 kw connected X100 per cent night, 50 per 
cent day. 

® 423 kw connected X 30 per cent all day. 

© Cooking on three-sitting basis, 374 kw con- 


begins with the grouping of various types 
of connected loads. These groups are 
compiled on the basis of their application 
to test data available and their similarity 
and nature of probable time of daily use. 
Then, by estimating the fluctuations of 
each group over an average day, the 
maximum demands of the total of the 
groups may be approximated. 

Sections II to V present details of the 
load estimates discussed. 

II. Load Estimate for 30,000-Man 
Naval Training Station 

The details of the estimated load for a 
30,000-man naval training station are 
presented in Tables IV through VII. 

This station has a planned connected 
load of 15,929 kw. The estimated maxi¬ 
mum demand for a typical average day 
is 4,890 kw, and for an annual maximum 
day, 5,800 kw. The plans for this base 
called for electric cooking in the mess 
halls, subsistence buildings, ships service 
buildings, dispensary, and bakery. Some 
steam tables and cookers are planned in 
addition to the electric cooking equip¬ 
ment. 

The demand factors range from 40 per 
cent lighting and small power in the living 
quarters and mess halls to 31 per cent for 
the total load (Table IV). The average 
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daily load factors range from 56 per cent 
for lighting and small power in the living 
quarters and mess halls, to 73 per cent for 
the total load (Table V). 

Table VII presents the basic details of 
the estimated loads of the various types 
found in this training station. 

The maximum demand for the lighting 
and small power in living quarters and 
mess halls was based on test data pre¬ 
viously mentioned, and is shown by 
footnotes on Table VII. Because a large 
number of barracks was being planned 
(160), the diversity' would reduce the 
group demand to an estimated 70 per 
cent of the test demand factors for both 
the average and annual maximum days. 
The load fluctuation during the day was 
prorated on the basis of the aforemen¬ 
tioned test curves. 

The general lighting and incidental 
heating and power totals 5,715 kw of 
connected load. This load was segre¬ 
gated into smaller groups of similar char¬ 
acteristics, and the daily load fluctua¬ 
tions of each group were estimated in¬ 
dependently, Included in this general 
group are various segregations such as 
lighting in offices. This load was esti¬ 
mated on the basis of a 60 per cent de¬ 
mand factor during the day, with small 
amounts being used at night. Lighting, 
heating, and small power normally used 
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in the daytime, were estimated on the 
basis of 50 per cent of the connected load 
being used during the day, and approxi¬ 
mately 10 per cent at night. The de¬ 
mand for the ships service and recreation 
buildings was estimated at 75 per cent of 
the connected load in the evening with 
small amounts used during the day. The 
evening and night lighting was estimated 
to be in use to the extent of 40 per cent of 
the connected load during the evening 
and late afternoon. This lighting is 
principally in the drill halls, auditorium, 
and bakery. 

The street lighting was assumed to be 
used fully during the night hours. 

The pumping power having a connected 
load of 502 kw was estimated to have a 
continuous demand of 300 kw and will 
be operated on an off-peak basis. 

The motive power totalling 967 kw 
connected was likewise segregated into 
smaller groups of similar characteristics, 
and the fluctuations during the day of 
each group were estimated separately. 
Included in this group are loads for the 
incinerator and sewage plant, of which 
the sewage power is the major load.. 
These were estimated at the full capacity 
at morning rising hours, 80 per cent after 
meal hours, and about 50 per cent at 
other hours. A group containing the day 
motive power was estimated at 25 per 
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Typical Average Day 


Total 
Lighting 
and Power 

. . 2,111 . 

Annual 

Maximum 

8 

Electric 

Cooking 

(Galleys) 

.. 3740 _ 

9 

Electric 

Cooking 

(Hospital 

and 

Recreation 

Building) 

. . 113©. . . 


Total Load 

Annual 

Maximum 

At Buildings 

2 598 

At Substation 

A 

mum 








. . 515 . 


. 15 _ 

.. 10 ... 


540 

590 


.. 515 . 


15 . . . . 

.. 10 ... 


540 

590 


. . 515 . 


. 15 _ 

.. 30 ... 


500 

620 


. . 515 . 


. 50 . . . . 

.. 50 ... 


615 

680 


530 . 


. 130 . . . . 

.. 60 .. 


720 

790 


. . 620 . 


. 125 . , . . 

.. 60 ... 


805 

890 


. . 685 . 


. 120 . . . . 

.. 40 ... 


845 

930 


. . 690 . 


. 75 .. . . 

. . 30 ... 


795 

870 


. . 610 . 


. 85 .... 

.. 45 ... 


740 

810 


. . 580 . 


. 105 

.. 50 ... 


735 

810 


. . 565 . 


. 100 

.. 45 ... 


710 

780 


. . 565 . 


. 95 

.25 ... 


085 

750 


. . 570 . 


50 .... 

.. 20 ... 


040 

700 


. . 565 . 


. 65 .... 

. . 25 _ 


655 

720 


. . 565 . 


. 85 .... 

.. 45 ... 


095 

760 


. . 585 . 


. 100 .... 

. . 40 


725 

800 


. . 715 . 


. 95 _ 

. . 35 ... 


845 

930 


. . 865 . 

. . .130_ 

. 90 _ 

. . 45 ... 

. .1,205. 

. 1,000 . . . 

. . 1,100 . . . 

. . 1,330 

960 . 

. . .110_ 

. 75 _ 

. . 40 ... 

. .1,220. 

. 1,075 . . . 

. . 1,180 . . . 

. . 1,340 

985 . 

... 60_ 

. 40 _ 

. . 40 ... 

. .1,140_ 

. 1,065 . . . 

.. 1,170 . . . 

. .1,250 

. . 950 . 

... 20_ 

. 15 _ 

. . 40 ... 

. .1,080_ 

. 1,005 . . . 

.. 1,110 . . . 

. .1,190 

. . 720 . 


15 .... 

. . 40 ... 


775 

850 


.. 550 . 


15 .... 

. . 20 ... 


585 

640 


. . 515 . 


._ 15 _ 

. . 10 ... 


540 ..! 

590 


.. 15,450 . 


.1,590 . 

..855 ... 


.17,895 ... 

. .19,660 


65.4.. 


. 51.0_ 

. . 59.4... 


69.4... 

69.4 


nectedX35 

per cent demand factor 

= 130 kw 

loads held 

high because 

of cooking in 

recreation 

maximum demand. 



building of 57 kw connected. 



© 50 per centX113 kw connected = 60 kw maximum 
same fluctuation as one mess barracks; evening 

cent demand factor during work hours, 
with small amounts being used at night. 
This load is principally laundry and shop 
power. The evening motive power, con¬ 
sisting chiefly of ventilating and heater 
fan motors in recreation buildings, mess 
halls, and ships service buildings, was 
estimated to be used at a 50 per cent de¬ 
mand factor during evening hours and 
during the breakfast period. The re¬ 
frigeration motors for the cold-storage 
plant having a connected load of 153 kw 
were assumed to have a demand of 50 
per cent of the connected load during the 
day hours, decreasing to 10 per cent 
during the cooler night hours. 

The connected load for the electric 
cooking and baking was also segregated 
into smaller groups, and the daily load 
fluctuation of each group was analyzed 
separately. The cooking in mess halls 
and subsistence buildings is planned so 
as to prepare meals to be served on a 
three-sitting basis. The demand factors 
found by the test data of 35 per cent for 
the typical day and 50 per cent for the 
maximum day are used to determine the 
maximum demand. No diversity factors 
are used in this instance, as a total of 
only nine mess halls and subsistence 
buildings are planned. The fluctuation 
in cooking load during the day is based 
on the test curves in general, except that, 

May 1943, Volume 62 


% Includes estimated 10 per cent distribution losses. 
C)Based on separate detail of smaller load groups. 

because of the meals being served in three 
sittings, the cooking periods are assumed 
to be of longer duration. Included in this 
group is the bakery which is planned to be 
operated at night. The maximum de¬ 
mand is assumed to be 95 per cent of the 
connected load of 231 kw during the 
“warming-up” period at the start of the 
bakers' shift. During the rest of the night 
baking period, the demand is estimated to 
be 75 per cent of the connected load. 

Ill- Load Estimate for Naval 
Air-Training Base 

This base has a connected load of 
2,598 kw. The estimated maximum 
demand for a typical day is 1,180 kw, and 
for an annual maximum-demand day, 
1,340 kw. 

The base is for the purpose of training 
navy pilots and is planned for an ultimate 
total of 3,400 officers, instructors, and 
trainees. There is planned a 952-man 
electric-equipped mess hall for the en¬ 
listed men and a separate mess hall for 
the officers. Three hangars, an assembly 
and repair shop, and a recreation building 
are other major loads. 

The demand factors range from 50.4 
per cent for the lighting in the living 
quarters and mess halls to 45.4 per cent 
for the total load. The average daily load 
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factors range from 54.6 per cent for 
lighting in the living quarters and mess 
halls, up to 69.4 per cent for the total load. 

Table XI contains the basic details for 
the estimated fluctuations in each of the 
various loads during a typical day. The 
same general procedure was used as in 
the preceding section II. 

The electric cooking is planned for meal 
service on a three-sitting basis, as the 
952-man mess hall must feed about 3,000 
men. The demand factors used are based 
on the test information previously men¬ 
tioned. The load fluctuation during the 
day is based on the test curves in general, 
except that because of longer meal periods 
the peaks are estimated to be of longer 
duration than shown by the test data. 

The maximum demands and daily 
fluctuation of the other types of loads are 
explained by means of footnotes on 
Table XI. 

Tables VIII through XI present details 
of the load analysis. 

IV. Load Estimate for a 
Naval Lighter-Than-Air Station 

This base has a designed connected 
load of 4,939 kw. The estimated maxi¬ 
mum demand for a typical day is 2,065 
kw, and for an annual maximum day, 
2,425 kw. 

The base is to be used to house, repair, 


Table XII. Summary of Cumulative Demand 
Factors for Typical Average Day 




Esti- 

Cu- 



mated 

mula- 



Maxi- 

tive 



mum 

De- 


Con- 

Kilo- 

mand 


nected 

watts 

Fac- 


Load 

Demand 

tors 


(Kilo- 

at Sub- 

(Per 


watts) 

station* 

Cent) 

1. 

Lighting in living 




quarters. 508. . 

. . 286. . 

. .56 

2. 

Includes addition of 




miscellaneous 
lighting in offices, 
hospital, recrea¬ 
tion building, 

storehouses, and 
so forth. 989. . 

. . 424.. 

. .43 

3. 

Includes addition of 




hangar office and 
shop lighting and 
heating.2,724 . . 

. .1,342. . 

. .49 

4. 

Includes addition of 




street and flood 
lighting.2,761. . 

. .1,380. . 

. .50 

5. 

Includes addition of 



shop and miscel¬ 
laneous power.4,091. . , 

. .1,766. . 

. .43 

6. 

Includes addition of 




electric cooking 

and baking.4,314. . , 

. .1,815. . 

. .42 

7. 

Includes addition of 




helium compres¬ 
sors, exhausters, 
and air-compres¬ 
sor motive power. .4,939. . . 

.2,065. . 

. .42 


Diversity = 2,228/2,005 = 1.08 




♦includes estimated ten per cent distribution 
and substance losses. 
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Table XIII. Summary of Cumulative Load 
Factors for Typical Average Day 


Kilowatt- 

Hours* 

Daily 

Load 

Factor 

(Per 

Demand* Cent) 

1. Lighting in living 

quarters. 3,828.. 

. . 286. . 

. .56 

2. Includes addition 
of miscellaneous 
lighting in of¬ 
fices, hospital, 
recreation build- 



ing, storehouses, 

and so forth. 7,056 . 

. . 424.. 

. .69 

3. Includes addition 
of hangar office 
and shop light¬ 
ing and heating.. .22,693 . . 

. . 1,342. . 

. .70 

4. Includes addition 
of street and 
floodlighting.23,160. . 

. .1,380. . 

. .70 

5. Includes addition 
of shop and mis¬ 
cellaneous power. .31,433. . , 

, .1,766. . 

. .74 

6. Includes addition 
of electric cook¬ 
ing and baking... 32,593 . . . 

. .1,815. . 

. .75 

7. Includes addition 
of helium com¬ 
pressors, ex¬ 

hausters, and 
air-compressor 
motive power. . . .38,530. . . 

.2,065. .. 

.78 


* Estimated requirements at substation including 
ten per cent distribution losses. 


and maintain powered balloons for coast 
patrol service. The personnel needed for 
the operation of the base is only about 
1,000 men. The principal type of load 
at thus base is hangar lighting, shop 
power, and power for a helium repuri¬ 


fication system. There are two hangars 
planned, each about 1,050 feet in length 
and capable of housing six patrol balloons 
in each hangar. The balloons are ap¬ 
proximately 70 feet in diameter and 250 
feet long. Shops and offices are located 
along the sides of the hangars. 

Cooking will be done electrically in a 
696-man enlisted men’s mess and in a 
252-man officers’ mess. The baking will 
be done electrically, and electric cooking 
is planned in the recreation building and 
hospital. 

The estimated demand factors (Table 
XII) for this base range from 56 per 
cent for the barracks lighting, to 42 per 
cent for the total load. The estimated 
daily load factors range from 56 per cent 
for barracks lighting up to 78 per cent for 
the total load on days when the helium 
repurification system is being operated. 
On an average monthly basis the load 
factor is estimated at 67 per cent. 

Details of the load estimate are shown 
on Table XV. The manner of making 
the estimates for the various types of 
loads is substantially the same as in the 
other load estimates given in this paper. 
There are, however, two or three loads of 
a somewhat special nature. 

One of these is 330 kw of connected 
lighting in the main part of each hangar 
that will be used continuously. It is 
estimated that the full connected load will 


Table XIV. Peak Responsibility of Various 
Groups of Services for Typical Average Day 


Per 

Service Kilowatts* Cent 


1. Lighting in living quarters. . . 220. ... 10.7 

2. Miscellaneous lighting in 

offices, hospital, recrea¬ 
tion building, store¬ 
houses, and so forth. 165.... 8,0 

3. Hangar office and shop 

lighting and heating. 957.... -16.3 

4. Street and flood lighting. 39,... 1.9 

5. Shop and miscellaneous 

motive power. 385. ... 18.6 

6. Electric cooking and baking. . 50.... 2.4 

7. Helium compressors, ex¬ 

hausters, and air-com¬ 
pressor motive power. 249.... 12.1 

Total.2,065_100.0 


* Based on maximum demand period of 8-9 p.m. 
Demands estimated at substation. 

be used at night, and 30 per cent of the 
connected load will be used during the 
day. 

Another special load is shop power 
located in the hangars and having a total 
connected load of 950 kw (included in the 
power group) planned to be used on a 
three-shift basis. An estimated demand 
factor of 25 per cent was used to estimate 
the loads throughout the day, except 
that at meal times and shift changes the 
load is expected to be lower. 

The connected loads for the helium re- 
purification system and air-compressor 
motors total 625 kw. The helium re- 


Table XV. Naval Lighter-Than-Air Station—Estimated Daily Fluctuation in Various Types of 


Time of 
Day 


Annual Lighting 
Man- in Living 
mum Quarters 

Connected Load 

(Kilowatts). 508*. . 


Annual 

Maximum 


12-1 a.m.. . 
1-2. . . 

2- 3. 

3- 4. 

4- 5. . . . 

5- 6. 

6- 7 a.m.. . 

7- 8. 

8- 9. . . 

9- 10. . 

10-11.' 

H—12 noon. 

12-1 p.m 
1-2. . . 

2- 3.... 

3- 4. . . 

4- 5. 

5- 6. 

6- 7_ 

7 - 8 . ... 

8- 9... 

9- 10. 

10- n. 

11— 12 m. 


.240 ... 
■250 ... 

.285*.. . 

• 250 

.225 ... 

• HO ... 


60 . 
60 
60 . 
60 . 
60 . 
150 . 

225 . 
210 . 
180 . 
160 . 
145 . 
145 . 

150 . 
145 . 
145 . 
150 . 
200 . 
260*. 

245 . 
215 . 
200 . 
110 . 
85 . 
60 . 


...170. 
...195. 

. . .170. 
. . .180. 
. . .180. 
. . ,125. 


Total. 

Lo ? d /actor (per cent) 
•Daily or monthly. 
Annua]. 


Miscel¬ 

laneous 

Lighting 


Hangar, 
Office and 
Shop 

Annual Lighting and 
Maximum Heating 


Annual 

Maxi¬ 

mum 


Street and 
Flood 
Lighting 


.3,480 

. 56 

. 51 


481**. 1,735**. 


t On during all dark hours. 
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65 

65 

65 

65 

65 

80 

80 

165 

165 

165 

165 

165 

100 

155 

155 

155 

165 

190 

140 

150 

150 

110 

80 

75 

2,935 

64 

63 


.505. 

.585, 

840. 

840, 

885. 

875. 


37 f, 


Shop 

and Mlscel- Annual 
Total Annual laneous Maxi- 

Lighting Maximum Power mum 

■ 2,761.1,330**. 


855 

855 

855 

855 

855 

860 

580 

395 

385 

335 

335 

335 

260 

340 

335 

335 

335 

320 

525 

825 

870 

860 

855 

855 


35 


.14,215 

68 

67 


^ (5-6 p. 


1,015. . 



. . . . 35 . . 

... 1,015. 


. . . . 346 ... 



- 35 . . 

... 1,015. 


. . . . 345 . . . 



- 35 . . 

. . . 1,015. 


. . . . 365 . . . 



. . . . 35 .. 

. . . 1,015. 


... . 360 .. . 



... 35 .. 

... 1,125. 


... 360 . . . 



... 20 .. 

... 905. 


... 235 . . . 




... 770. 


... 235 ... 




... 730. 


... 355 ... 




660, 


... 365 ... 




... 645.. 


. . . 360 ... 




... 645.. 


... 235 ... 




.. 510.. 


... 225 ... 




. .. 640.. 


... 360 ... 




. .. 635.. 


. . . 360 ... 




. .. 640.. 


... 365 ... 


. 0. . . 


. .. 700.. 

-265... 

... 240 ... 

. .95... 

.20... 


. .. 770.. 

-255... 

. . . 230 ... 

. .70... 

.35. . . 

. . . 20 .. 

. .. 930.. 

-400.. . 

• • . 350 ... 

. ,50... 

.35... 

. . . 35 .. 

. . . 1,225. . 

-400. . . 

. . . 360 ... 

. .45... 

.35... 

. . * 35 ,. 

. . . 1,255. . 

-400. . , 

. ,. 350 ... 

.45 

...... 35. ., 

• .,p 35 , 4 

. .. 1,116.. 

-395. . . 

. . . 345 ... 

, .40. ,. 


• * • 35 •, 

. . . 1,055. . 


. . . 345 .. . 


_ 

, . . 35 . . 

. . . 1,025. . 


• .. 230 ... 



■ . .425 .. 

.. .21,055. . 


7 KOCk 



• 51 

70 . . 


♦ . . f , 

90 . . , . 



• .. 51 ... 

66 . . 


- . . 78 . . . . 



maximum 508X56 per cent=285 kw 


p.m.). 


PoUs—Estimating Electric Loads 


** Estimated on the basis of individual detail for 
each of the separate load groups. 
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Table XVI 


purification system consists of three 
75-horsepower motors for the high- 
pressure compressors and one 150-horse¬ 
power motor in each hangar for the low- 
pressure exhauster motors. There is 
also one 50-horsepower air-compressor 
motor in each hangar. The estimated 
load for the average day was based on the 
assumed use of one 150-horsepower ex¬ 
hauster motor and one 75-horsepower 
high-pressure compressor motor being 
used simultaneously. The load for the 
estimated maximum day is based on one 
150-horsepower exhauster motor and all 
three 75-horsepower motors being used 
at one time. 


Type of Units 

Number 

Connected Load 
(Kilowatts) 

Per Unit Total 

Estimated Annual 
Maximum Demands* 
at Time of System Peak 

Per Unit** Total 

Apartments. 

...4,000 

. . .. 2 69 

i n 337 

n 30 

1 50° 

Dormitories t. 

. . .4,000 men.. 

... 0.34.... 

1,307! . 

.0,18.,.. 

. 725 

Temporary houses. 

...4,000 

... 15.5 . 

r,2 non 

1 ‘70 

5 170 

Permanent houses. 

... 700 

... lo.o ... ; 

11,200! ■ 

.2.20_ 

. 1,584 

Pumping. 

Commercial, street lighting, and 

6 

,..143.0 _ 

800. . 

000 

miscellaneous. 

Total. 

lot.. 


2,000. . 

87,704. . 


. 1,034 

. 10,725 

* Including estimated ten per cent substation and distribution losses. 


' 

. - 


** Average on three-shift basis of work. 


t Includes mess halls, electric kitchen, administration building, street lighting, and post office. 


The repurification process is performed 
in two stages. The impure helium is 
taken from the balloons at slightly more 
than atmospheric pressure and com¬ 
pressed by means of the low-pressure ex¬ 
hauster motor to a pressure of 60 pounds 
per square inch. Thence it is delivered 
to a large storage sphere which is about 
60 feet in diameter. The helium gas is 
then put through purification processes 
which remove the carbon dioxide, nitro¬ 
gen, and other impurities. The second 
stage is performed by the high-pressure 
compressors. These are three stage, 
tandem, reciprocating compressors which 
compress the helium to a pressure of 
2,500 pounds per square inch and deliver 
it to the tank car. By means of by-pass- 


Loads, Typical Average Day 


ing one of the stages of the high-pressure 
compressor, the helium can be delivered 
at a pressure of 750 pounds per square 
inch directly to the storage tanks. The 
repurification process through the liigh- 
stage compressors takes about three days 
of constant running. 

Tables XII through XV present de¬ 
tails of the load analysis. 

V. Load Estimate for a 
War Housing Project 

In order to determine the loads to be 
expected from the various types of hous¬ 
ing units included in this project, the 
plans were first examined in detail to 


ascertain the equipment to be used and 
the lighting outlets provided. This in¬ 
formation was checked wherever possible 
with that actually installed. 

Table XVI shows the connected loads 
and estimated annual maximum demands 
of each of the various groups of housing 
units. The annual maximum demand 
of the total project is estimated to he 
10,725 kw at the main substation. 

Apartments 

The detail of the connected load on the 
4,000 units of apartments is indicated in 
Table XVII. 

The typical A unit (one-room) has two 
ceiling pull-chain outlets (200 watts), 
two duplex plug outlets (100 watts), one 
light switch and plug combined (200 
watts), and a “Rangette” (1,050 watts), 
totaling 2.15 kw per apartment unit. 

The typical B unit (two-room) lias two 
pull-chain outlets (200 watts), four duplex 
plug outlets (200 watts), two light 
switches and plug outlets combined (400 
watts), and a “Rangette 1 ’ (1,650 watts), 
totaling 2*45 kw per apartment unit. 

The service units are for laundry, bath¬ 
rooms, heating plant, and storage rooms. 
The total lighting aggregates ;U> kw 
connected. The power consists of ven¬ 
tilating motors aggregating 200 horse¬ 
power for the total of 150 service units. 

The average connected load per apart¬ 
ment, including service units and street 
lighting, is 2.50 kw, and the coincidental 


Tabic XVII 


Units Type 

Connected Load 

Per Unit Total 

1,024., A (1-room)... 


. 2.202 

2,970. . B (2-room)... 
(150). .Service units 

.2.45 

. 7/291 

lighting .... 


. 540 

power. 

.1.93 (Avg.) . 

290 

(70). .Street-lighting 

units., 0.2 

14 

4,000 apartments..... 

.2.59 

. 10,337 


Electric 

Cooking 

and 

Baking 


Total Lighting, 
Power, 
Heating, 
and 

Cooking 


Helium 
Repurification 
and Air- 

Annual Compressor 
Maximum Motors 


Total 


Annual 

Maximum 


At Point 
of Use 


Annual 

Maximum 


At 

Substation 


223**.4,314. 


625**. 4,939. 


35 

40 

55 

50 

35 

25 

45 

50 

45 

35 

30 

30 


30 . . 

... 1,265. 

. 225 . 


30 . . 

... 1,390. 


. 1,615. . 

30 . . 

... 1,390. 


. 1 615 

50 . . 

... 1,420. 


1 045 

80 . . 

. . . 1,455. 

. 225 . 

. . . . 1 6fi0 

70 . . 

. . . 1,555. 

. 225 . 

. 1 7ftft 

50 . . 

. ... 1,190. 


14 15 

40 . . 

. . . . 1,045. 


. 1.270. . 

50 

, . . . 1,135. 


. 1.360. . 

60 . . 
50 . . 

40 . . 

, . . . 1,085. 

. . . 1,055. 

... 920. 

. 225 . 



1,040 
1,775 
1,775 
1,810 
1,850 
1,900 

1,555 
1,395 
1,495 
1,440 
1,410 
1,260 

.ss :::::::::::::: IS 

h 275 . 1,400 

1.280 . 1,410 

1,200 . 1,870 . 1,320 

1 , 250 .. 1,980 . 1,375 

. ? 2 fi . 2,205 . 1,550 . 2,425 . 1,705 

• 2,175 . 1,850 . 2,390 . 2 ! o 35 

. 2 , 195 ...... 1,875 . 2,416 . 2,065 

• 2,005 . 1,720 . 2,205 . 1,890 

. 1,055 . 1,820 

. 1.510 . 1,660 


.425. 

.425. 


770. 

:,040 
1,050 
1,055. . . . 

975... . 

1,025. . . . 

1,325. . . . 

1,625.425 

1,650.425 

1,495.425 

1,430. 

1,285. 


225 


225 

225 . 

225 . 1,700. 

225 . 1,800. 


225 

225 

225 

225 

225 


** 1,066 .29,630...5,400 .35,030. 


.38,530 


55 

46 


75. 

69. 


19 (monthly—6 days per month) 

10 (annual) 


t Includes estimated ten per cent substation and distribution losses. 
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Tabic XVIII 


Table XIX 


SraalVappiiances*.I'.Okw! 500 kilowatt-hours 


Refrigerator. 0.2 kw 250 kilowatt-hours 

Range.Xl.Okw 1,100 kilowatt-hours 

Water heater.2.5 kw 3,000 kilowatt-hours 


Total.15.5 kw 4,850 kilowatt-hours 


demand at the time of the system peak 
averaged 0.39 kw per unit. The resulting 
demand factor is 15 per cent. 

The war apartment units were first 
separated into three groups of units, each 
group representing the apartments to be 
used by each working shift. The relative 
number of apartments assigned to each 
shift was determined on the basis of the 
number of workers currently employed 
on each shift. On this basis 1,600 apart¬ 
ments were considered to be on the day 
shift, 1,600 on the night shift, and the 
remaining 800 on the “graveyard” shift. 
The load fluctuations during the day were 
estimated for each group separately. On 
this basis the coincidental demands at the 
time of the system peak were estimated 
to be 832 kw for the first shift, 521 kw 
for the second shift, and 209 kw for the 
third shift, making the total of 1,562 kw 
for the 4,000 apartments. 

The basic estimate of 0.4 kw aver¬ 
age maximum demand per unit was 
used. After analysis of the load fluctua¬ 
tion on the three-shift basis, the average 
was lowered to 0.3 kw per unit. Allowing 
for seasonal fluctuation and distribution 
losses, the resulting maximum demand 
per unit was calculated to be 0.39 kw per 
unit. 

Dormitories 

The dormitory units consist of ten 
dormitories, each housing approximately 
400 men. A large complete electric 
kitchen furnishes meals at all hours for the 
men housed in them. 

Each of the ten dormitory units has 83 
kw connected in lighting and 17 kw con¬ 
nected in ventilating fans and boiler- 
room power. This makes a total con¬ 
nected load of 100 kw per dormitory. 
Each dormitory consists of 148 double 
rooms, 96 single rooms, and 4 lounges or 
club rooms. 

An administration building has a con- 
nected load of 50 kw. The connected 
street lighting load is 50 kw. 

The kitchen and mess halls have a 
total connected load of 267 kw. This 
consists of ISO kw in electric cooking and 
baking equipment; 59.8 kw in kitchen 


lighting, mess-hall lighting, and small 
kitchen motive power, and 27.2 kw in 
refrigeration, ventilation, and boiler- 
room motive power. 

The load fluctuations during the day 
were estimated separately for each of the 
various load groups within each of the 
dormitory groups assigned to the three 
shifts. Similarly, the load for the kitch¬ 
ens and mess halls was estimated by 
analyzing the daily fluctuations for each 
load group separately. 

The total connected load for the ten 
dormitories, administration building, 
street lighting, and the mess halls and 
kitchen was 1,367 kw. The annual maxi¬ 
mum demand was estimated to be 725 kw. 

Temporary Houses 

The temporary houses consist of 4,000 
demountable units, each unit having the 
connected equipment and using the 
estimated energy per year shown in Table 
XVIII. The average monthly maxi¬ 
mum demand per unit is estimated at 
1.5 kw, based on test information which 
was secured from various sources. 

The houses were segregated into groups 
applicable to each shift on the same basis 
as were the apartments. When the daily 
fluctuations of the combined groups on 
the three shifts were analyzed, the aver¬ 
age monthly maximum demand at the 
point of use was estimated to be one 
kilowatt per unit. After accounting 
for seasonal variation and distribution 
losses, the annual maximum demand 
resulted in an average of 1.29 kw per 
unit. 

Permanent Houses 

The permanent houses consist of 700 
units, each unit having the connected 
equipment and using the estimated 
amounts of energy per year shown in 
Table XIX. The average monthly maxi¬ 
mum demand per unit is estimated to be 
1.75 kw, based on test data. 

The load on this class of houses was 
estimated on the assumption that most 
of them would be occupied by families of 
the permanent employees and not subject 
to shift variations. The annual maximum 
demand at the substation, including dis¬ 
tribution losses, is estimated to be 2.29 
kw per unit. 

The demand requirements for both the 
permanent and temporary houses appear, 
perhaps, to be higher than ordinarily 
would be expected on an ordinary system. 
This is due to a realization of 100 per 


Lighting. 1.0 kw \ 

Small appliances.... 1.3 kwj 600 kilowatt-hours 

Refrigerator. 0.2 kw 420 kilowatt-hours 

Range.11.0 kw 1,380 kilowatt-hours 

Water heater. 2.5 kw 3,000 kilowatt-hours 


Total.16.0 kw 6,000 kilowatt-hours 


cent saturation of ranges, refrigerators, 
and water heaters. This equipment is all 
standard household size, the water heater 
having a 1,000-watt base element with a 
1,500-watt booster, both thermostatically 
controlled. 

The use of this equipment where no 
individual house meter is provided places 
this service in the unmetered category. 
People living in these housing units will 
probably not be educated to unmetered 
use of electricity and will use much more 
than the general average. It is to be ex¬ 
pected that on cool mornings many 
people will take advantage of the un¬ 
metered service and partially heat the 
house by means of using either the surface 
or oven elements. 

Because of the three-shift working and 
living conditions, the load peaks may be 
of longer than usual duration. The 
morning cooking peak for those going to 
work on the day shift will probably be 
around 6:30 to 7:30 a.m. This peak will 
be followed by another one probably 
from 7:30 to 8:30 a.m. for those coming 
off shift at 8:00 a.m. Thus the peak 
period of the combined project will 
probably extend over a three- or four- 
hour period, during which there will not 
be a great variation between hourly 
peaks. 

Pumping and Commercial 

Water supply to the project is fur¬ 
nished by means of five 150-horsepower 
and one 30-horsepower pumps. At the 
time of the peak on the system it was 
considered that the demand would be 
660 kw. 

It was estimated that the commercial, 
industrial, and street-lighting require¬ 
ments would approximate 2,000 kw of 
connected load. The maximum demand 
was estimated at 1,034 kw. 
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The Rating of Power Transformers as De 
termined by the War Emergency 


R. J. SALSBURy A. F. PHILLIPS 


MEMBER AIEE 


ASSOCIATE AIEE 


Synopsis: Accurate rating of transformers 
is one of the most important elements in the 
problem of providing continuous service to 
the customers of the utility industry. 
Rather than attempt to follow a general rule 
for the loading of transformers it is be¬ 
lieved that the urgency of wartime needs 
amply justifies the effort required to place 
individual ratings on each transformer bank 
of the utility under consideration. Experi¬ 
ence has shown that such ratings vary 
widely. The transformers cover a wide 
range of sizes, designs, manufacturers, and 
periods of manufacture; with weights per 
kilovolt-ampere ranging from 7 to 20 
pounds, excitation voltages ranging from 
95 to 110 per cent, their daily load factors 
from 25 to 100 per cent, and their seasonal 
loading from 0 to 100 per cent. The con¬ 
sequent saving of “critical” material is self- 
evident when each case is considered indi¬ 
vidually. 

During the war it is desirable to base 
station ratings on the thermal capacity of 
all the transformers normally available for 
service, rather than attempt to set up station 
ratings based on abnormally high emergency 
ratings of the remaining units after the 
assumed failure of one unit. It is essential 
that these higher station ratings be properly 
applied so that the danger of failure is 
minimized. 

I N order to evaluate this program of 
individual transformer ratings, only 
dry units are considered. Since moisture 
accelerates the rate of insulation deteri¬ 
oration 1 and lowers its dielectric strength, 
increased ratings are not assigned to a 
questionable transformer until its mois¬ 
ture content has been reduced to a satis¬ 


factory value. Once tliis factor is elimi¬ 
nated, consideration of the other fac¬ 
tors can be taken with' greater accuracy 
and safetjL Insulation deterioration ami 
oil sludging are affected both by the 
magnitude and the duration of their tem¬ 
peratures. However, because of the sim¬ 
plicity of the rating method, it is neces¬ 
sary to consider only the magnitude at 
first. But as the load increases, the dura¬ 
tion as well must then be taken into 
account if a maximum utilization of 
transformer capacity is to be realized, 
The capacity of bushings, Lap changers, 
and other current-carrying parts must be 
checked since they may prove to be the 
limiting factor. 

vSuch a program of calculating trans¬ 
former capacities based on load cycles, 
ambient temperatures, manufacturer's 
test data, and operating conditions is a 
large undertaking unless the work is 
systematized and carried only as far as 
load conditions warrant. Therefore, a 
system has been set up wherein the rat¬ 
ings are progressively increased as the 
load increases. The more detailed com¬ 
putations are needed only when the load 
approaches the ratings based on the more 
general and, consequently, more con¬ 
servative method of rating. This j pro¬ 
cedure reduces the amount of calculating 
and load supervising to a minimum. 

Method Used in Rating 
Transformers 


Paper 43-36, recommended by the AIEE committee 
on electrical machinery for presentation at the 
AIEE national technical meeting, New York, N. Y., 
January 25-29, 3 943. Manuscript submitted 

November 13, 1942; made available ior printing 
December 30, 1942. 

R. J. Salsbury is superintendent of tests, substa¬ 
tions and shops department, and A. F. Phillips is 
senior engineer, both with the Duquesne Light 
Company, Pittsburgh, Pa. 


This progressive method of rating 
transformers is divided into four steps: 


2 The manufacturer’s test data and 
atmg conditions. 


3. The thermal capacity. 


This last slop which is called the equal- 
life method of rating takes the variations 
in daily peak loads, the variation in am¬ 
bient temperatures, and the hot-spot 
temperature cycle into consideration. 
Each successive step which usually re¬ 
sults in a higher rating utilizes the data 
obtained from the previous step. 

Increased Ratings for Oil-Insulated 
Self-Cooling Units Due to 
Ambient Temperatures Below 30 
Degrees Centigrade (First Step) 

The first step in rating transformers is 
to take advantage of the ambient tem¬ 
peratures lower than 30 degrees ceutT 
grade.. Ratings are assigned, based on 
the Pittsburgh Weather Bureau average 
monthly temperatures over a 01 year 
period (see Table I). In order to take 
care of the deviation from the average 
temperature, six degrees centigrade is 
added to the mean values to obtain ac¬ 
ceptable values for rating purposes. The 
actual daily average temperatures ex¬ 
ceed the accepted monthly values used 
for rating less than 15 percent of the time. 
The American Standards Association 
rule 2 which states that the “capacity can 
be increased 1 per cent for each centigrade 
degree the average temperature is below 
30 degrees centigrade” is then applied to 
obtain monthly ratings. It may be 
noted that in Table I, column 2, the ac¬ 
cepted ambient temperature for July is 
30 degrees centigrade and for December 
seven degrees centigrade, which results 
in a 100 per cent rating for the month 
of July and 123 per cent rating for 
December. 

When the banks are located indoors, the 
assumed ambient temperatures are in¬ 
creased live degrees centigrade under 
good ventilating conditions and ten 
degrees centigrade for average conditions. 

If the differential lie tween indoor and 
outdoor temperatures exceeds ten de¬ 
grees centigrade by measurement, the 
ventilation is usually improved. If the 
difference is less than ten degrees centi 
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Figure 1. Life units versus hot-spot tempera¬ 
ture for various degrees of insulation strength 

One life unit equals one hour of operation 
at 95 degrees centigrade hot-spot temperature 

grade, improvement is not usually justi¬ 
fied. 

Monthly ratings are of particular ad¬ 
vantage in distribution substations where 
the lighting load is a considerable part of 
the total, since the shape of the seasonal 
load curve approximates that df the 
rating curve based on the outdoor am¬ 
bient temperatures. 

Increased Ratings of Oil-Insulated 
Self-Cooling Units Due to Design 
and Operating Conditions 
(Second Step) 

When the load exceeds approximately 
90 per cent of the rating as determined 
by the previous method, calculations 
based on the manufacturer’s test data 
are made. In this, the losses in the 
transformer during the factory thermal 
test are calculated and compared with 
the actual losses in service of units built 
to the same specification. In determin¬ 
ing the losses, corrections are made for 
the tap connections, operating tempera¬ 
tures, and applied voltages. In making 
these calculations the high- and low- 
voltage copper losses and the stray losses 
are considered separately, each being 
corrected to 95 degrees centigrade aver¬ 
age copper temperature for the normal 
ratings. The core loss is corrected by 
some power of the ratio of the applied 
voltage to the rated voltage, the former 
voltage being determined from annual 
system voltage surveys. The exponent 
used is based on tests made at 100 per 
cent and 110 per cent excitation. If 
tests are not available at overexcitation, 


an exponent of 2.5 is suitable for most 
modern transformers. In the older 
designs this exponent ranges from 1.7 to 
4.0. It must be remembered that this 
exponent is empirical and applies only to 
ratios near unity. 

The temperature rises for the trans¬ 
former under operating conditions at 
100 per cent of rated name-plate current 
for the tap used are obtained by correct¬ 
ing the factory test values of both the hot 
spot over top oil and the top-oil rise by 
the ratio of the losses for the two condi¬ 
tions raised to the 0.8 power. The total 
losses are used for the top-oil tempera¬ 
ture correction and the load losses for 
the hot-spot rise over top-oil correction. 
Curves of hot-spot rise over oil, hot-spot 
rise, and top-oil rise versus per cent load 
are then plotted, assuming that the rises 
vary as the 0.8 power of the losses as ex¬ 
plained. (See appendix, Figure 5). This 
exponent is substantiated by information 
published in reference 3. 

Before the ratings are assigned, it will 
be necessary to set up limiting tempera¬ 
tures for both the insulation and the oil. 
For normal ratings 105 degrees centi¬ 
grade has been chosen as the limiting 
hot-spot temperature if the load factor is 
not too high. This agrees with the 
American Standards Association rating of 
105 degrees centigrade for eight hours. 
The top-oil limits are set at 75 degrees 
centigrade for open or free-breathing 
transformers, 80 degrees centigrade for 
conservator-type units, and 85 degrees 
centigrade for inert gas units. These 
values are based mainly on experience, 
and the fact that sludging depends to 
some extent on the contact of the oil with 
oxygen as well as temperature and time. 
It is possible that these values may be 

Tabic I. Outdoor Ambient Temperatures 

Used as a Basis for Rating Transformers 



Degrees 

Centigrade 






Average 




Average 

Daily 



Average 

Daily 

Maxi- 


Average 

Daily 

Maxi- 

mum 


Daily 

Tem- 

mum 

Tem- 


Tem- 

pera- 

Tem- 

pera- 


pera- 

tures 

pera- 

ture 

Month 

tures* 

+ 6 C 

ture* 

+ 6 C 

January. . . 

. 0... 

.. 6... 

. . 4, . . 

. . .10 

February. . 

. 0... 

. . 6 

. . 4 

. . . 10 

March. 

. 5. .. 

. .11 

10 

. . . 16 

April. 

.10... 

. .16. .. 

..16.!, 

!. !22 

May. 

.17... 

. . 23... 

. . 22. .. 

.28 

June. 

.22... 

. .28. ., 

. .27. . . 

. . .33 

July. 

.24. . . 

. .30. . . 

. .29. .. 

. . . 35 

August. 

.23. .. 

. .29. .. 

. .28. . . 

...34 

September.. 

.19. .. 

. .25. .. 

. . 25 . . . 

.. .31 

October. . . . 

.13. .. 

. .19. . . 

. .18. .. 

. . .24 

November. . 

. 6 ... 

. .12. . . 

..11. . . 

. . .17 

December. . 

. 1. . . 

. . . 7 


11 

* 

* Based on 

64 -year period from 1874 

to 1938, 

Pittsburgh Weather Bureau. 





AMBIENT TEMPERATURE — C 


Figure 2. Illustrative equivalent hot-spot 
versus ambient-temperature curves for con¬ 
stant ambient temperatures and constant loads 

revised upward if further experience justi¬ 
fies this action. The values chosen de¬ 
pend somewhat on the inspection period 
set up for oil reconditioning or filtering 
and the type of oil used. 

Monthly ratings can now be assigned, 
based on the limiting hot-spot and top-oil 
temperatures, the ventilation, the out¬ 
door temperatures, and the hot-spot and 
oil rise versus load curves. The ambient 
temperatures used for this method are 
the average daily maximum values plus 
six degrees centigrade as is indicated in 
column 4, Table I. It will be noted that 
the ratings are based on ultimate tem¬ 
perature rise and accepted maximum 
hourly temperature rather than the actual 
temperature rise and the daily average 
ambient temperature. This results in a 
somewhat conservative rating, which 
does not change with load cycle and re¬ 
quires little office supervision. Increased 
ratings of considerable magnitude are 
possible with this method of rating; yet 
periodic inspection of the load cycles ,and 
close scrutiny of the ambient tempera¬ 
tures are not necessary. 

Increased Ratings Due to Thermal 
Capacity (Third Step) 

When the load approaches the values 
assigned to the units by the .preceding 
method, it is then necessary to take ad¬ 
vantage of the thermal capacity of the 
units. Load cycles for a peak winter and 
a peak summer day are plotted and 
blocked. When transformer thermal 
transient calculations are being made, the 
shape of the load cycle curve at the time 
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of the peak load is most important. 
More conservative ratings are obtained 
by averaging the peak load over a period 
of hours. For base load stations a four- 
hour average and for residential stations 
a two-hour average are about the shortest 
periods that should be used. 

Any of the published methods of mak¬ 
ing thermal transient calculations may 
be used, but since curves have been pre¬ 
pared for the previous method of rating, 
advantage should be taken of this infor¬ 
mation. Load-cycle calculations for two 
or three assumed peak loads should be 
made for the winter and summer cycles, 
using the step-by-step method. The 
assumed peak loads should be of the order 
of magnitude expected for the monthly 
ratings; for example 110 per cent, 120 per 
cent, and 130 per cent may be assumed 
for the summer cycle if the ratings for 
these months are expected to be between 
these values. The curves of Figure 5, the 
transient-heating equation, the time- 
constant curve, and the various tables 
as explained in the appendix are of con¬ 
siderable assistance in making these 
computations. Monthly ratings are ob¬ 
tained from curves of peak hot-spot rise 
and peak oil rise plotted against per cent 
load for both the winter and summer 
cycles. The curves for the spring and fall 
months are obtained by assuming values 
halfway between the summer and winter 
curves. Various simplifications in the 
method of calculating become obvious as 
experience is obtained in making these 
computations. Hereafter these ratings 
which are used as a basis for normal 
everyday recurrent loading will be re¬ 
ferred to as “recurrent” ratings. 

These three methods of rating pro¬ 
gressively applied result in considerably 
higher than name-plate ratings as is 

Tabic II. Comparison of General and Indi¬ 
vidual Bases of Rating 

Aliquippa Substation, Three-Phase, 3,000 
Kva, 22.5/4.33 Kv, 400 Amperes 
Location—Outdoors 
Time Constant T —3.9 hours 


Comparison of Rating 
(Per Cent) 


Method of Rating July December 


I. General (step 1—ambient- 

temperature basis).100.123 

II. Individual (step 2—test- 

data basis).107.143 

III. General (interim report, 

Figure 1)*.108.132 

IV. Individual (step 3—load- 

cycle basis).122.154 

V. Individual (step 4—equal- 

life basis). 137 . 154 ** 


* 70 per cent load factor in July and 64 per cent 
load factor in December. 

** Limited by current-carrying parts. 


Figure 3. July temperature- 
distribution curve for Pitts¬ 
burgh and vicinity 

The curves give the distri¬ 
bution for the total 24-hour 
period as well as for 6-hour 
periods 



indicated by Table II, which gives the 
results for these three steps as well as the 
general method of the interim report 4 
for a typical suburban distribution sta¬ 
tion. In this example the general method 
is the more conservative, but this is not 
always true. 

Industrial Versus Distribution Type 
of Substations 

The same methods can be applied to 
rating both distribution and industrial 
substations. However, the monthly rat¬ 
ings have little meaning in industrial 
substations, as they usually have little or 
no seasonal trend, and in these cases the 
July rating would always be the limiting 
value. As the lirst step in rerating in¬ 
dustrial substation transformers which 
have no seasonal trend, the load-factor 
method as given in the interim report 
which states “that the capacity may be 
increased 0.3 per cent for each one per 
cent the load factor is below 100 per cent” 
is quite satisfactory. However, it must 
be remembered that the magnitude of 
the hot-spot temperatures experienced at 
two stations having the same load factor 
but different load-cycle characteristics 
vary considerably. For example, a 
customer operating on one eight-hour 
shift may have the same load factor as 
one working three eight-hour shifts but 
would have considerably different hot¬ 
spot temperatures. More accurate meth¬ 
ods for calculating the ratings are the 
individual methods discussed previously. 

Increased Ratings Based on a 
Summation of the Life Consumed 
at Various Hot-Spot Temperatures 
(Fourth Step) 

The fact that loads in most industrial 
plants show no seasonal trend suggests 
that one can afford to take more life out 
of the units during the summer months, 
as the insulation deterioration during the 
winter months may be almost negligible. 
This suggests a summation of the life 


consumed at each hot-spot temperature. 
This method of rating may be applied 
to either the distribution type or the 
industrial type of station, but the result¬ 
ing rating increases are much greater in 
the latter stations. This method which 
has been called the equal-life method is 
now in the development stage and lias 
not been proved by field experience. 

In this method of rating, one hour of 
operation at 95 degrees centigrade is 
defined as one life unit. Assuming that 
the rate of transformer insulation deteri¬ 
oration varies in accordance with the 
data given in reference 1, Figures 0 and 7, 
a curve of hot-spot temperature versus 
life units can he plotted as shown in 
Figure 1. 

The method of rating can be explained 
by giving a typical example. Three 
typical ambient temperatures such as 35, 
25, and 15 degrees centigrade are added to 
the 24-hour hot-spot temperature-rise 
cycle for three different peak loads such as 
110, 125, and 140 per cent and set down 
in table form. The three temperature- 
rise cycles are obtained from the previous 
method of rating (step 3). The hot-spot 
temperatures are then converted to life 
units by using Figure 1. The trans¬ 
former assumed was considered to have 
deteriorated to 50 per cent of its original 
insulation strength. When the life units 
for the periods and constant ambient 
temperatures assumed are averaged, Llicy 
can be reconverted into an equivalent 
continuous hot-spot temperature. The 
summary of this work for Aliquippa sub¬ 
station is shown in Table Til, and the 
curves of equivalent hot-spot tempera¬ 
tures versus ambient temperatures for 
the three loads are given in Figure 2. 
The per cent load figure used in this 
method refers to the highest peak occur¬ 
ring during a 24-hour period. The day is 
divided into four periods, because in this 
type of station the heavy load occurs 
* during the high-ambient-temperature pe¬ 
riod and the light load during the low- 
temperature period. A similar group of 
curves should be obtained for the Decern- 
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Table III. R duction in Life Measured in Life Units for Aliquippa Substation Temperature 
Cycle (for Three Assumed Constant Ambient Temperatures) 


Per Cent Load 110 125 140 

Ambient Temperature 15 C 25 C 35 C 15 C 25 C 35 C 15 C 25 C 35 C 
Period 


Total Life Units Consumed During One 24-Hour Period 


1- G a.m. 0 . . 0 .. 0.06 ... 0 . . 0.01 . . 0.11 .. . 0 . . 0.05 . . 0 30 

7 a. m.-noon. 0.05 . . 0.25 . . 1 30 ... 0.21 . . 1.06 . 4.52 ... 1.30 . . 5.29 . . 17 27 

!-<> P.m. 0.08 .. 0.48 .. 2.37 ... 0.42 .. 2.10 .. 8.72 ... 2.47 .. 9.95 .. 31.50 

7 p.m.-12 midnight. . . 0.02 . . 0,14 . . 0.78 . . . 0.09 . . 0.57 . . 2.74 . .. 0.44 . . 2 20 . . 8.77 

24-hour period. 0.15 .. 0.87 .. 4 51 ... 0.72 .. 3.74 ..16.12 ... 4.21 ..17.49 .. 57 84 

Average Life Units Per Hour for Above Cycle 

a.m. 0 ..0 .. 0.010... 0 .. 0.002.. 0.018... 0 .. 0.008.. 0.050 

7 a.m.-noon. 0.008.. 0.042.. 0.216... 0.035.. 0.177.. 0.753... 0.217.. 0.882.. 2.880 

1 ~t» P- m . 0.013.. 0.080.. 0.395... 0.070.. 0.350.. 1.460... 0.418.. 1.660.. 5.250 

7 p.m-12 midnight. . . 0.003 . . 0,023 . . 0.JJ50. . . 0.015 . . 0.095. . 0 456 . . . 0.074 . . 0,367. . 1.465 

24-hour period. 0.006.. 0.036.. 0.188... 0.030.. 0.156.. 0.675... 0.175.. 0.730. . 2.410 

Equivalent Hot-Spot Temperatures* for Life Units in Above Table (Degrees Centigrade) 

l ~ G a.m./<60 ,.t<6 0 ..68 . ,./<60 . ./<60 ..71 . ../<60 ..66 ..76 

7 a.m.-noon.66 ..75 ..85 ...75 ..84 ..93 ...85 ..94 . 103 

P-™.69 ..79 ..89 ...78 ..88 ..98 ...89 ..99 ..108 5 

7 p.m.-12 midnight. . .62_ . .72 . .82 ...70 ..80 ..90 ...79 ..88 .. 98 

24-hour period.64 ..74 ..84 ...74 .83 ..92 ...83 . .93 Tl02 


* Plotted in Figure 2, 


ber temperature cycle if it differs to 
any great extent from the July cycle. 

The next step is to obtain a curve show¬ 
ing the distribution of the outdoor am¬ 
bient temperature versus hours for the 
months of July and December based on 
a number of years. Such curves for July 
based on the same four periods of the day 
are shown in Figure 3. A summation of 
the life units consumed during the month 
for the actual ambient temperatures and 
the three assumed peak loads can then 
be obtained by applying the July tem¬ 
perature-distribution values to Figure 2. 
This summation is given in Table IV. 
The summation of the life units divided 
by the number of hours in a month gives 
the average rate of consumption of life 
units and an equivalent hot-spot tem¬ 
perature for each per cent load. 

A curve of per cent load versus equiva¬ 
lent monthly hot-spot temperature can 
then be plotted (Figure 4). Since the 
loads for the various days of the week 
usually vary, it is necessary to express 
the peak loads for each day in terms of 
name-plate rated current and convert 
to life units, make the summation, and 
reconvert to an equivalent monthly 
hot-spot temperature. This calculation is 
given in Table V. The limit for this 
method of rating is assumed to be the 
consumption of an average of 0.5 life 
units per hour which is equivalent to 
continuous operation at 90 degrees centi¬ 
grade hot-spot temperature. The rate of 
deterioration is fairly high at this tem¬ 
perature, and so the limit may have to be 
reduced as experience in this method is 
obtained. 

When the summer and winter load 
cycles differ, calculated values of equiva¬ 


lent monthly hot-spot temperatures for 
two months, July and December, usually 
suffice, as similar values for other months 
can be obtained by weighing the two cal¬ 
culated values, taking the accepted 
monthly ambient temperatures into con¬ 
sideration. From the monthly values the 
total life units expended annually and an 
equivalent annual hot-spot temperature 
can be obtained by the method given in 
Table V. 

A word of caution should probably be 
added here. In order to take advantage 
of these increased ratings, it is essential 
that the transformer be in good condition, 
that is, the moisture content should be low, 
the current-carrying parts such as tap 
changers and bushings should have suffi¬ 
cient capacity, and the oil-expansion 
space should be ample. It is also neces¬ 
sary to check the oil temperatures to 
see that the rate of sludging is not too 
high. 

Other Methods of Increasing 
Capacity 

Rating transformers on an individual 
basis has an additional advantage in that 
it indicates what corrective measures 
are necessary to increase their capacity. 
For example, if oil temperature is the 
limiting factor, improved ventilation, 
the installation of additional radiators, or 
the installation of inert gas equipment 
which permits operation at higher oil 
temperatures will usually result in rela¬ 
tively large increases in capacity. If 
overexcitation is limiting the rating, 
installation of boosters in the neutral 
of star-connected transformers is the 
logical solution. 


One result of the war has been the shift 
in the policy of rating two bank stations 
from the emergency rating of one trans¬ 
former bank to the recurrent ratings of 
two banks. This has resulted in con¬ 
siderably increased station ratings, but 
it may necessitate load curtailment during 
some emergencies. 

The rapid increase in the war industry 
and the difficulty in obtaining materials 
has necessitated the shifting of units from 
lightly loaded stations to release capacity 
for new war plants. Here again individu¬ 
ally calculating bank capacities pay 
dividends, as banks having high time 
constants can be applied to the stations 
having peaked load cycles, and low time- 
constant banks can be applied to high 
load-factor stations where it is not 
possible to take advantage of the thermal 
capacity of the units. If the amount of 
inert gas equipment is limited, the ratings 
indicate the transformers on which this 
equipment can be used most profitably. 

Auxiliary Cooling 

When the other methods of increasing 
capacity have been exhausted, it is neces¬ 
sary to install some auxiliary method of 
cooling such as air blast, water-spray 
rings, or heat exchangers. The use of 
fans is usually the most convenient 
method, and, when sufficient fans are per¬ 
manently installed, a 20 per cent increase 
in name-plate capacity is added to the 
recurrent rating without field tests. If 
more capacity is required, it is desirable 
to run tests on the units in the field. 
When tests are made, and the top-oil rise 
and gradients are established for the new 
conditions, the same three methods of 
rating as discussed previously can be 
applied. However, it must be remem¬ 
bered that the exponents used in this 
case will be 1.0 instead of 0.8. Additional 
capacity up to approximately 50 per cent 
is possible with this method of cooling. 

Emergency Ratings 

In spite of all precautions failures will 
occur. So emergency ratings still have 
an essential purpose in system operation, 
because they point out the bottlenecks 
in case of such failures. Wherever it is 
possible that emergency ratings may be 
exceeded, plans must be made to take 
care of the various contingencies that 
may arise. 

In calculating emergency ratings, the 
usual method employed is that dis¬ 
cussed under step 3; with higher tem¬ 
perature limits being assumed, 115 de¬ 
grees centigrade is used for the hot-spot 
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limitations and 90 to 95 degrees centi¬ 
grade for the top-oil limitation, the cal¬ 
culations being made for a typical 24- 


hour load cycle at the station con¬ 
sidered. This calculated rating based on 
average conditions is used mainly for 


Tabic IV. Aliquippa Substation—Summation of Life Units for the Month of July 


110 Per Cent Load 125 Per Cent Load 140 Per Cent Load 
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Figure 4. Illustrative curve for a distribution 
substation transformer showing the July 
equivalent hot-spot temperature versus per 
cent load 

planning. Other short-time emergency 
ratings with higher temperature limits 
are used for special conditions where the 
load can be relieved by switching or by 
the installation of fans. When an actual 
emergency occurs, the load-carrying abil¬ 
ity of the units is calculated on the spot, 
based on the actual ambients, loads, and 
probable duration of the emergency. 
It is desirable that all essential infor¬ 
mation on the transformer affected at 
the time of the emergency be available 
so that every possible kilovolt-ampere of 
capacity can be utilized without undue 
damage to the units. Curves or charts 
showing the variation of top-oil tempera¬ 
ture and hot-spot gradients with load, 
together with the actual top-oil tempera¬ 
ture and hot-spot readings, are very help¬ 
ful in determining the allowable overload. 
In ail actual emergency, every effort is 
made to relieve the overload by trans¬ 
ferring load or by the use of fans, al¬ 
though the emergency ratings are not 
necessarily being exceeded, as it is de¬ 
sirable to prevent abnormal rates of in¬ 
sulation deterioration. 

In the majority of cases, hot-spot 
meters are not installed, so in these cases 

Table V. Aliquippa Substation Transformer 
Rating on an Equal-Life Basis for the Month 


of July 


Equivalent 
Per Hot-Spot 
Cent Tempera- 
Load ture 

Life Units 

5 weekday 1 
peaks* j 
Saturday ) , 
peak J 

Sunday peak. 

,.137...91.5 ..j 
. .125...87.0 .. | 

..100...60.0 .. j 

0.61X120 hours* 
73.20 

0.31X24 hours** 
7.24 

0.0025 X 24 hours * 
0.06 


90.0**. .0.48X168 
80.50 

hours = 


* AU the weekday peak loads are the same magni¬ 
tude and shape. The Sunday peak lias a slightly 
different shape, but, because of its comparatively 
low magnitude, it has little effect on the results. 

** The limit for this method of rating is assumed 
to be the utilization of an average of 0.5 life units 
per hour which is equivalent to continuous operation 
at 90 degrees centigrade hot-spot temperature. 


June 1943, Volume 62 


Salsbury, Phillips Rating of Power Transformers 


Transactions 259 















































it is necessary to add a calculated hot¬ 
spot rise to the top-oil temperature as 
read, to determine the transformer operat¬ 
ing temperature. A running curve of 
the load, top-oil temperature, and hot¬ 
spot temperature plotted during the 
emergency is very helpful in determining 
when load curtailment is necessary. If 
service being fed by the stressed units 
is vital to the war effort, higher rates of 
depreciation would probably be accepted 
as long as a second failure is not imminent. 
Usually, however, when emergencies do 
occur, the ambient temperatures are 
lower, the loads are lighter, or the dura¬ 
tion is shorter than the conditions as¬ 
sumed for calculating the ratings. 

Conclusion 

Individual transformer ratings for 
recurrent loads are amply justified by the 
additional capacity which is then known 
to be available for the war effort. 

Some 20 customers have already been 
carried with loads up to 60 per cent 
above name-plate rating. AIEE limits 
of hot-spot operation have not been ex¬ 
ceeded as yet. 

So far there have been no failures of 
transformers due to loading nor any cases 
where it is believed that the rate of in¬ 
sulation deterioration is excessive. 


Appendix 


The following development is given to 
indicate a desirable form of the standard 
heating and cooling equations to use when 
a large number of calculations are to be 
made, using the step-by-step method of 
increasing ratings: 

r-i r,+ir d 

K0 u '-**=CpB+K6 1 -** 


Initial slope of temperature heating curve 


Therefore 



T Ci Bu-Qi) ~ c 


6 21 ~ &FL — = 0 , 

i\l FL )0.s 1 


U -R) 
(P*N+ l)°-s 
(A r -fl)°.8 


Figure 5. Illustrative curves for 
a typical transformer 

These curves are used for 
rating transformers on an ulti¬ 
mate oil-temperature basis and 
for the thermal transient calcu¬ 
lations 


RECIPROCAL OF TIME CONSTANT—HOURS 



0 ?0 40 60 80 100 120 140 160 160 

PER CENT LOAD 


Therefore 

1 (0 fl ) (P 2 N+ l) 0 - 2 (1 -A 1 - 26 ) 

T~ C (d FL ) (N- +-1)0-2 (1 _ R) 

1 ■ (W FL ) (P 2 iV+l)°. 2 (1 -RW) 
r~(ce FL ) (N+ i) 0 - 2 (i -R) 

(1) (2) (3) 

1 1 (1-P 1 - 26 ) 

T~ T 0 (1 -R) 

(4) 

1. The constant (Cd FL )/(W FL ) is used as a 
time-constant reference figure for the trans¬ 
formers. 

2. The term( P 2 A+l)/(iV+l) for expo¬ 
nents of 0.2, 0.8, and 1.0 are set up in table 
form for values of N from 1 to 4 and P 
from 0.2 to 1.6 in 0.2 steps. 

3. The term (1 — P 1,2B )/(1 — R) can also be 
set up in curve or table form. 

4. A curve of l/T 0 versus top-oil tempera¬ 
ture is also plotted as shown in Figure 5. 

5. A table of (1 —er t f T ) for various values 
of —t/T is also of considerable assistance in' 
solving the transient heating equation 

(e f - 6 i )='( 0 u -d i )(l-e- i / T ). 

When one is solving the transient-heating 
equation for a 24-hour period, it is desirable 
to start the calculation at the end of the 
minimum load period. This is usually about 
six o’clock in the morning. The initial oil 
temperature (0*) which must be assumed for 
the first step, is usually about two or three 
degrees above the ultimate temperature rise 
for the minimum load. With a little experi¬ 
ence, it is possible to estimate this tempera¬ 
ture in advance within one degree centi¬ 
grade. If the error in the original assump¬ 
tion is too great, the transient calculation 
should be continued until the maximum oil 
temperature is obtained. The values of 
(0 U ) and (1 /T 0 ) are obtained from Figure 5, 
the values of (1/7") are obtained by multi¬ 
plying (1 fT 0 ) by the function of R as ex¬ 
plained above. The values of (1 /T 0 ) for the 
heating portion of the cycle corresponds to 


( 6 U ) and for the cooling portion of the cycle 
to ($t). 

List of Symbols 

C = thermal capacity 
N— ratio of copper to no-load loss 
P = ratio of load amperes to name-plate 
rated amperes 
p ~ d/di 

R = ratio of (0 u /0*) for cooling cycle and 
(Oi/d u ) for heating cycle 
t — time in hours 
T — time constant 

7" 0 = time constant for zero initial rise 
IF—watts loss in transformer 
Wa = watts dissipation 
W s = watts stored 

W F l = watts loss at full load under operation 
conditions 

W u — watts loss at load which would pro¬ 
duce 9 U 

0 FL = oil-temperature rise at full load under 
operating conditions 
0* = initial oil-temperature rise 
6 U = ultimate oil-temperature rise 
Qf = final oil-temperature rise 
6 Q ~ temperature gradient beLween hol- 
spot and top-oil temperature (ulti¬ 
mate values are used throughout) 

6ns — hot-spot-temperature rise 
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Protective Relaying for Long Transmission 

Lines 


A. R. van C. WARRINGTON 
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U P to a certain length of transmission 
line, conventional distance relays 
will readily distinguish internal faults, for 
which the line should be opened, and 
external faults, load conditions, and power 
swings, for which the line should not be 
opened. This distinction is based on the 
magnitude of the impedance or reactance 
of the line as it appears to the relay. This 
impedance will be referred to hereafter as 
the input impedance and is determined by 
the current and voltage existing at the 
relay location. 

The magnitude of the input impedance 
will distinguish clearly between internal 
and external faults for any length of 
lines, but, as longer lines are considered, 
the difference in impedance between load 
and fault conditions becomes less and 
may even be reversed. On the ICansas- 
Nebraska line, using conventional dis¬ 
tance relays, there would be undesirable 
tripping on power swings from which the 
system can recover easily, such as those 
that may occur when the line is reclosed 
instantaneously after clearing a tempo¬ 
rary fault. The power swing in this case 
is caused by the two terminals having 
drifted apart slightly during the reclosing 
period, because the sending end has lost 
load, causing it to speed up, and the re¬ 
ceiving end has lost power, causing it to 
slow down; therefore, when reclosure 
occurs, a large amount of power flows and 
tends to draw the two ends together and 
thereby reduces the flow of power, and 
an oscillation is started. 

Although there is little difference in the 
impedance magnitude during fault and 
load conditions on very long lines, there 
is, fortunately, a considerable difference in 
phase angle. During load conditions the 
heavy charging-current component tends 


to make the input impedance have a 
leading power-factor, whereas during an 
internal fault much of the line capaci¬ 
tance is short-circuited and the input im¬ 
pedance is therefore lagging considerably 
as shown in Figure 4 on curve Z B . 

As a result of the foregoing, impedance 
magnitude was once more used to dis¬ 
tinguish between internal and external 
faults, but the distinction between faults 
and load conditions was based on phase 
angle, a quantity which was so selective 
that it was possible to differentiate fur¬ 
ther between load conditions, so that 
tripping was prevented on normal loads 
and power swings but allowed on out-of- 
step conditions. 

No special relay construction was used. 
All the relay elements were of standard 
design with the reactance and resistance 
of their potential coil circuits arranged 
to obtain the desired characteristics. The 
equipment has certain advantages over 
the conventional distance-carrier-relay 
equipment and is not limited to ex¬ 
tremely long lines; it can be used also for 
lines as short as about 50 miles. The 
equipment was developed for the 270- 
mile 154-kv interconnection between 
Nebraska Power Company and Kansas 
Gas and Electric Company systems to 
meet the general performance specifica¬ 
tions laid down in a companion paper, 1 
and it has been applied since to the 
“Ark-La” 154-kv line, approximately 
200 miles long in Oklahoma and 
Arkansas. 

Impedance Diagrams 

If capacitance and shunt loads are 
neglected, the transmission of power over 


a simple single-line system can be rep¬ 
resented vectorially as shown in Figure 
2 wherein V s and V r represent the volt¬ 
ages behind the terminal generator im¬ 
pedances, and the voltages V as V b , and 
so forth, are the voltages existing at 
various intermediate points. The system 
interchange current I s and the angle 
8 will both increase in magnitude as the 
power transmitted is increased. 

The relays located at the various inter¬ 
mediate substations will see impedance 
values determined by the relation between 
the substation voltage (such as V a or V b ) 
and the current I s . This value is the 
equivalent input impedance of the system 
and will be referred to as the input im¬ 
pedance. As the load changes, 6 , V a , 7 6 , 
I s , and the input impedance will change. 
In a companion paper 1 the loci of the 
input impedance at a given location for 
various ratios of line-terminal voltages 
are shown to be circles on a resistance- 
reactance diagram. Furthermore, it is 
shown that, for the special ratio of line- 
terminal voltages E s /E t =D , where D is 
one of the “general line constants,” the 
radius of such a circle is infinity, and the 
circle becomes a straight line. 

For short lines where capacitance and 
shunt loads can be neglected the general 
line constant D = 1, and thus, if the 
terminal voltages V r and V s are always 
equal, the loci of input impedance as 
“seen” from terminals R and S (Figure 2) 
are straight lines coinciding with the 
0 per cent and 100 per cent lines of the 
distance scale on Figure 3. When these 
straight-line loci obtain simultaneously 
at the two terminals of a circuit, the loci 
of the impedances “seen” at intermediate 
points on the circuit are likewise straight 
lines and form a family of parallel lines 
as in Figure 3, which was first presented 
to the Institute in a discussion by J. H. 
Neher. 2 

Under the conditions for which it is 
valid, that is, systems with negligible 
capacitance, no shunt load, and equal 
terminal voltages, Figure 3 shows that 
the input impedance, as seen from any 
particular point, is a minimum when the 
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Figure 1. Connections of re¬ 
lays relative to transmission line 
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terminal voltages are displaced 180 
degrees, and is infinite when the equal 
terminal voltages are in phase, since 
under this condition there is no current 


flow. 

This type of chart is very convenient 
for determining whether or not a particu¬ 
lar relay will operate for a particular 
amount of load transfer or for a particular 
angular displacement under swing con¬ 
ditions. To determine this, it is necessary 
only to plot the relay pickup character¬ 
istics on the diagram (being sure to plot 
both characteristics to the same scale) 
and observe at what value of the line- 
displacement angle 6 the relay character¬ 
istic crosses the line characteristics. 

In the more general case for which 
Figure 3 is not valid (that is, where ter¬ 
minal voltages are not equal, line capaci¬ 
tance is large, or there are important 
shunt loads), it is evident that the 
families of input-impedance circles ap¬ 
plying to each relay location must be 
examined and compared with the relay 
pickup characteristics to determine if 
that relay is suitable for the proposed 
application. 

In Figure 4, which represents a typical 
input-impedance circle for the 270-mile 
Kansas-Xebraska interconnection point 
A represents the system impedance for a 
fault at the far end of the line, and point D 
the impedance for a more remote fault up 
to which backup protection is desired. 
The third zone of the conventional im¬ 
pedance relay set to operate in backup 
time up to D would also operate on the 
maximum load of 50,000 kw. The con¬ 
ventional reactance relay with the same 
setting would not operate on this load, 
liecause it is outside the characteristic 
(T the starting unit, but it could not be 
used as a basis for carrier relaying, be¬ 
cause the impedance fault detector would 
experience the same trouble as the third 
step of the impedance relay and would 
transmit carrier and set up the out-of-step 
blocking circuit, and therebv delay trip¬ 
ling on faults. “ 


A further margin of impedance woi 
be required with either kind of relay 
take care of the drifting apart of the t 
generating sources during the period 
reclosure, because of the leading a 
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Figure 2 (left). 
Vector diagram of 
circuit in Figure 3 

Figure3(right). Input- 
impedance diagram 
for relays at various 
iocationsalong a line 
with X/R = tan 75° 
connecting two sys¬ 
tems or machines, 
applicable to the 
special case in which 
V s — V T assuming no 
shunt load and ne¬ 
glecting shunt ca¬ 
pacitance 



D = Distance of relay location from equivalent 
internal voltage of the leading end V at in per 
cent of total impedance from S to R 

The co-ordinates are scaled in per cent of total 
impedance from S to R. Abscissas are resist¬ 
ance/ ordinates are reactance 


angle.” Since this quantity is in mhos, 
the unit is called a “mho unit,” corre¬ 
sponding to the term ”olun unit” applied 
to the reactance-measuring unit of the 
distance relay, which measures “im¬ 
pedance at an angle.” 


losing load end speeding up and the lag¬ 
ging end losing generation and slowing 
down; otherwise, the relays would trip 
on the reduced impedance condition 
caused by the two stations swinging apart 
before reclosure. 

The problem then was to design re T ays 
which would: 

1. Trip instantaneously for faults up to A, 
including arc resistance. 

2. Trip on out-of-^tep conditions and 
swings from which the system will not re¬ 
cover. 

3. Not trip on loads up to the steady-state 
power limit. 

4. Trip in delayed time up to D } for backup 
protection. 

5. Not trip on swings from which the 
system would be likely to recover, that is, 
roughly up to 5 = 110 degrees. 

6. Provide carrier blocking for external 
faults. 


The Solution 

Items 1, 2, and 3 require that the 
relays should trip instantaneously for 
conditions within the area A-A' 120 
degrees-5-B' 240 degrees. A circle fits 
very well around these points (see 
Figure 4), the center of the circle being 
on the line-impedance line AB , about 
60 degrees lagging the R axis, though it 
also includes some loads which should be 
excluded under item 3. Such a circle is 
the characteristic of a directional relay 
with a voltage restraint, which is similar 
to the starting unit of the standard re¬ 
actance-type distance relay. This unit 
measures a quantity of the form I'f{<j>)/V 
= T*/(0) which is “admittance at an 


Items 4, 5, and 6 require a relay com¬ 
bination which will operate within the 
shaded area of Figure 5. The straight 
sides of the area are similar to the char¬ 
acteristics of a reactance unit except that 
they represent constant impedance at 
20 and 30 degrees leading the unity- 
power-factor position instead of lagging 
it by 90 degrees. The ends of the area 
were cut oil by the circular characteristic 
of an impedance unit as shown in Figure 
5. In other words, by connecting a con¬ 
tacts of the impedance unit and the two 
ohm units in series with a timing unit, 
backup protection with delayed tripping 
occurs* in the lightly shaded area KPQ. 
By connecting a set of b contacts of the 
three units in parallel in the carrier-con¬ 
trol circuit, carrier blocking is provided 
over the same area KPQ } which disposes 
of items 4 and G. 

In reference to items 2 and 5, by con¬ 
necting the contacts of the ohm units in 
series with those of the mho unit, the 
value of 8 at which tripping occurs can 
be controlled accurately by the settings 
of the ohm units; otherwise, this limit is 
determined by the mho unit, whose setting 
is based on the length of the line and 
hence cannot be adjusted to, a value of d 
also. With the present line, Figure 5 
shows that the mho unit would prevent 
tripping on swings up to about 5 = 75 
degrees, but it was decided that about 
100 degrees would be required to provide 
sufficient margin for power swings, es¬ 
pecially after instantaneous reclosure of 
the breakers following a fault. 

Relay Settings 

At this point it will be apparent why 
20- and 30-degree characteristics were 
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Figure 4. Impedance diagram of load and 
fault conditions on long line at terminal B of 
Figure 1 


Angles marked on Zb circle are angles between 
terminal voltages 

AB= impedance of line to three-phase fault 
at end of line = 370 ohms 
AA' = sr c resistance with single-end feed, 60 
miles per hour wind and minimum generation— 
fault at A — 125 ohms 

58' = ditto with fault at B, near bus—32 ohms 
AD = reach of backup (zone 3) protection 
Mw — megawatts sent from A to B 

chosen for the ohm units. As the char¬ 
acteristics were pulled in closer to the 
origin in order to prevent tripping on 
swings up to 5=110 degrees, they had 
to be made parallel to the boundaries of 
the tripping area in order to insure trip¬ 
ping for all fault conditions. 

The 20-degree characteristic can be as 
close to the line-impedance vector as 
desired but, the closer it is, the lower the 
ohmic pickup, and hence the higher the 
potential burden. A pickup of 42 ohms 
was chosen first for this unit but was in¬ 
creased later to provide higher relay 
torques. 



TRIP 

Figure 5. Tripping characteristic on phase 
. faults and out-of-step conditions 



will be during minimum generation and 
single-end feed. 

Some approximate calculations of arc 
resistance for this circuit indicated that 
it might be between 50 and 70 ohms for a 
nearby fault and between 100 and 150 
ohms for a fault at the far end. To allow 
for these arc values and to prevent trip¬ 
ping on swings required a setting of 72 
ohms. 

The diameter of the mho-unit circle 
represents its setting in ohms. To cover 
the fault area AA' BB' it was made 
initially about 375 ohms but was in¬ 
creased later to provide greater pickup 
torque and consequently faster action on 


transmitter grid while the current polar¬ 
ized directional relay GD reapplies nega¬ 
tive direct current and stops the carrier. 
Other contacts of GD de-energize the re¬ 
ceiver-relay holding coil and complete 
the tripping circuit through the contacts 
of the receiver relay. 

An external fault within the range of 
the mho unit will not trip instantaneously 
through the receiver relay, because, at 
the faulted end, the mho unit is reversed 
and hence does not shut off carrier, so 
that instantaneous tripping is prevented, 
but the relay will trip in intermediate 
time (T%) t if the fault is not cleared by 
the correct breaker. 


far-end faults. The setting of the im¬ 
pedance unit was merely a rough margin 
between nearby and remote faults, so as 
to prevent the carrier and the timing- 
unit from being operated unnecessarily; 
the value chosen was 500 ohms. 

The effect of combining these circuits 
and their characteristics is shown in 
Figure 8, and explained in the next few 
paragraphs. 

Over-All Operation of Protective 
Relays 


An external phase fault within the 
range of the ohm and impedance units 
turns on carrier as before and starts the 
timing unit (see zone T 3 C of Figure 8), 
but at the faulted end the mho unit is 
reversed and hence does not shut off 
carrier, so that instantaneous tripping is 
prevented, but backup time (F 3 ) tripping 
will occur if the correct breaker does not 
trip. If the carrier is off for maintenance, 
the receiver-relay contacts R are short- 
circuited by the switch SC, so that trip¬ 
ping occurs directly when the mho unit 


Figure 8 shows the various zones of 
operation, and Figure 9 is a schematic 
diagram of the d-c connections. 

A phase fault on the 154-kv line is 
within both the carrier and tripping 
zones (see Figure 8 zone Ti). The ohm 
units Oi and 0 2 and the Z unit in the same 
phase open their b contacts in the carrier- 
control circuit, turning on carrier. The 
mho units M pick up the MX auxiliary 
relay which by-passes the contacts of the 
0 and Z units and restores negative 
direct current to the grid of the oscillator 
tube in the transmitter stopping carrier. 
Another contact of the MX relay de¬ 
energizes the receiver-relay holding coil, 
and, with carrier off, the receiver relay 
then closes its contacts and causes trip¬ 
ping in a total time of about iy 2 cycles. 

A ground fault picks up the over¬ 
current fault detector G whose b contact 
removes negative direct current from the 


closes (zones 7\ and T 2 ). Instantaneous 
tripping with “carrier off" is limited to 
the line and a little beyond the windings 
of the transformers at the far end by the 
setting of the mho units. If the fault is 
beyond this zone, the mho unit does not 
operate, and the timing unit operates in 
backup time (r 3 ), if the fault has not 
already been cleared, A fault within the 
reach of the mho unit but beyond the 
location of the opposite mho units will 
be cleared in intermediate time (T 2 ) if 
not cleared already by carrier relays. 

An external ground fault within the 
range of the overcurrent blocking unit 
(Gi) turns on carrier, but at one end the 
directional unit (GD) is reversed and does 
not turn off carrier, so that instantaneous 
tripping is prevented. In that case, the 
time overcurrent ground relay (type I A C ) 
provides backup protection, unless the 
proper differential relay has already 
operated. 
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Receiver Blocking Relay, RB 

Carrier is started for all fault condi¬ 
tions, though it may be stopped almost 
at once by the directional relay, if the 
fault is in the tripping direction. If trip¬ 
ping occurs, the carrier will not be main¬ 
tained for more than the time taken for 
the directional relay and its auxiliary 
relay to operate, which will be one to 
three cycles. The persistence of carrier 
for more than three cycles would indi¬ 
cate an external fault and would operate 
the RB relay which is arranged to pick up 
in three to four cycles and drop out in 
six cycles. 

The RB relay energizes the holding coil 
of the receiver relay, so that, during ex¬ 
ternal faults, the RB relay maintains the 
blocking action for another six cycles 
after the carrier has been shut off by the 
resetting of the relays after the fault 
has been cleared. This arrangement 
prevents tripping through the carrier 
relays unless the condition is maintained, 
as would be the case if a second fault 
occurred just after the first one had been 
cleared. 

Tripping on Out-of-Step 
Conditions 

The conventional relay equipment for 
short lines employs blocking relays which 
prevent tripping on both power swing 
and out-of-step conditions. These condi¬ 
tions are recognized by means of an im¬ 
pedance unit which applies blocking after 
a time delay of about 0.1 second, unless it 
is prevented by an instantaneous im¬ 
pedance unit with a lower ohmic setting; 
in other words, a swing is distinguished 
from a fault by the rate of change of 
impedance. To effect tripping during 
actual out-of-step conditions requires a 
somewhat expensive relay which requires 
several power oscillations before it can 
be sure of the out-of-step condition. 

With the present equipment not only 
are the foregoing features inherent in the 
relay characteristics, but they trip in¬ 
stantly when the angle crosses a threshold 
value. Not only is no time required for 
the decision, but the angle itself can be 
set accurately from system impedance 
curves. * In the present case a setting of 
72 ohms prevents tripping for power 
swings up to <5 = 110 degrees. 

The Mho Unit 

The mho unit is a four-pole induction- 
cylinder unit, see Figure 7a; the two long 
poles have a potential winding whose flux 
induces eddy currents in the induction 



Figure 7a. Type CGZ special distance relay 

The upper is the mho unit 

The lower is the Z unit 

cylinder or rotor which react with the 
fluxes from the two short poles to produce 
torque. One of the short poles has two 
current windings excited by the currents 
in two of the phases, so as to make a flux 
proportional to their delta sum. The 
other short pole has a potential winding 
excited by the potential between the 
same two- phases. The polarizing poten¬ 
tial winding has voltage from the next 
lagging pair of phases. As an example, 
phase 1-2 relay has a torque proportional 
to: F 23 K/ 1 — 12 ) cos (cr— 0 — 30 degrees) — 
Vn sin <r], where a is the angle between 
Vn and F 2 3 , so that it operates when 
(I 1 —I 2 ) cos (j 8 — 0 — 30 degrees) > 7 12 sin 
cr, or when the admittance of the circuit 

(I 1 —I 2 ) cos (cr —0 —30 degrees) ^ 

zz :— -> I 7 mhos. 



Figure 7b. Type PDM d-c timing unit 
(T 2 and T 3 ) 


Figure 7c (right). 
Schematic connec¬ 
tions of mho unit in 
phases 1-2 

Figure 7d (below). 
Schematic connec¬ 
tions of ohm unit in 
phases 1-2 




ten per cent and ten one per cent taps, so 
that one per cent steps can be obtained. 

Apart from its suitability for this appli¬ 
cation, the mho unit has the great ad¬ 
vantage over the ohm unit of the con¬ 
ventional distance relay of not requiring 
a directional unit, since it is itself direc¬ 
tional. On long lines, where arc resistance 
is not a large percentage of the total im¬ 
pedance, its accuracy for distance meas¬ 
urement is as good as that of a reactance 
or an impedance unit, and it is less likely 
to operate on loads and swings than 
either unit. 

On the Kansas-Nebraska line 0 = 72 
degrees for faults on the line, and for a 
fault at the end of the line there would be 
very little collapse of the voltage triangle, 
because most of the impedance is in the 
line, so that is about 115 degrees. Con¬ 
sequently, the ratio of the ohmic reach 
of the mho unit on three-phase faults to 
its reach on phase-to-phase faults is 

Three-phase-reach 
Phase-to-phase reach 

sin 120° cos (115 o -72 o -30°) 
~sin 115° cos (120°-72°-30°) 


The value of Y is adjusted by an 
auxiliary potential transformer with nine 


0.866 X 0.974 
0.906X0.951 
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In other words, the reach on three- 
phase faults is approximately the same 
as on phase-to-phase faults. 

In order to provide fast operation on 
three-phase faults close to the station, 
the polarizing potential coil of the mho 
unit is made resonant, so that, when the 
line potential is suddenly reduced to sub¬ 
stantially zero by the fault, the potential 
across the relay winding is maintained 
long enough to insure reliable operation. 
The connections of this circuit are shown 
in Figure 7c and are the same as are used 
in the standard GCX distance relay. 

The Impedance Unit 

The impedance unit is of the eight-pole 
induction-cylinder design (see Figure 7a), 
three of the poles producing current- 
operating torque and three producing 
potential restraining torque. 

The windings on the three current poles 
are in series, but the middle pole has a 
copper sleeve, so that its flux is out of 
phase with that of the other two poles 
and hence produces torque. A similar 
method is used in the potential circuit 
where the middle pole is dephased by a 
series resistor. In the appendix, it is 
shown that this arrangement produces 
a steady torque, irrespective of the angle 
between the pole fluxes. 

The induction-cylinder construction 
not only provides a high-torque low- 
inertia device, but it also has a pickup and 


dropout which are very close together; 
this is advantageous in a fault detector 
for very long lines where there is little 
distinction between the system impedance 
during load, swing, and fault conditions. 

Its operating torque is proportional to 
the current squared, and its restraining 
torque is proportional to the adjacent 
voltage squared, so that the relay oper¬ 
ates when the system impedance falls 
below its calibration. * The pickup is in¬ 
dependent of phase angle within four per 
cent, because of the steady torque of the 
induction cylinder. 

Since the relay has only one current 
circuit, the reach on three-phase faults is 
15 per cent more than on phase-to-phase 
faults, but this is of no consequence, 
because this unit controls the operation 
of carrier and time backup protection and 
hence need not be accurate. 

The Ohm Unit 

The ohm units are the same as that of 
the standard reactance-type distance re¬ 
lay, see Figure 7a, except that one is 
arranged to measure the 20-degree and 
the other the 30-degree component of im¬ 
pedance, instead of both measuring the 
reactive component. The change from 
the standard ohm unit was accomplished 
simply by changing the constants of the 
potential circuit to obtain the desired 
phase angle. 

* Each unit has four double-current 
windings arranged as in Figure 7d, so as 
to create a magnetic flux between the 
front and back poles of the unit. The 
left-hand pole has a potential winding 
whose phase angle is adjustable by a series 
resistor between 70 degrees and 55 degrees, 
so that the relay characteristic can be 
adjusted for maximum torque between 
20 and 35 degrees. The right-hand pole 
has another double-current winding which 
is shifted 90 degrees in phase from the 
first by a floating secondary winding 
having a parallel capacitor and resistor. 

The current flux from the front and 
back poles reacts with the flux from the 
right-hand pole to create an operating 
torque K(Ii—I 2 y where li and J 2 are the 
currents in the double-current windings 



Figure 9. Circuits of carrier 
relays for long transmission 
lines 


Figure 9a (left). D-c and trip¬ 
ping circuits 

5C switch contacts shown in 
position for carrier on 
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of the relay associated with phases 1 and 
2. It also reacts with the flux from the 
potential pole to produce a restraining 
torque E r (Ii—I 2 ) cos (<f> — A) where A is 
the angle for maximum El torque. 

At the balance point the two torques 
will be equal so that E n cos (<£ — A) = 
K(h~I*), but E 12 =£ 1 ~E 2 =(/ 1 -/ 2 )Z, 
where Z is the impedance of a line con¬ 
ductor between the relay and the fault, 
therefore, Z 1 cos (<j>-A)=K. K is ad¬ 
justable by means of a transformer with 
one per cent taps. 

The two ohm units in each phase have 
their contacts in series and are polarized 
in opposite directions (the 20-degree unit 
operates on incoming K w and the 30- 
degree unit on outgoing K w ) so that the 
system impedance has to be between their 
characteristics in order to turn on carrier 
or to trip (see Figure 6). 

Timing Unit 

The timing unit is controlled by the 
same relays that control the carrier and 
is of the same design as used in the stand¬ 
ard distance relay. It provides a short 
time delay for faults in the protected zone 
in case the carrier tripping is inoperative 
and a longer time delay for faults in the 
low-voltage windings of the transformer, 
and, during minimum generation at the 
other station, the third zone may reach a 
short distance into the system beyond the 
power transformer at the other station. 

The speed of the timing unit is con¬ 
trolled by a centrifugal friction governor 
(see Figure 7b). A d-c solenoid winds up 
the spring which operates this unit. Two 
adjustable insulated contact arms close 
the intermediate and backup time con¬ 
tacts. The timing scale is graduated in 
tenths of a second up to three seconds. 

A time setting is made easily by loosening 
a knurled nut on the main shaft and set¬ 
ting the contact arms. 

Ground Relays 

The relays and connections for ground 
faults is the same as in the standard 
carrier-pilot relay scheme, except that the 
overcurrent tripping relay ^ was made 
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directional, thus eliminating an extra 
directional relay. The blocking unit is a 
plunger overcurrent unit which operates 
in a fraction of a cycle to remove nega¬ 
tive bias from the grid of the oscillator 
tube in the carrier transmitter (see Figure 
9b) and thus starts carrier. The tripping 
unit is an eight-pole induction-C}dinder 
unit with alternate poles provided with 
a copper sleeve to lag their flux, so that 
a torque can be produced. An induction 
unit is used for the tripping function, 
because it is least liable to trip undesir¬ 
ably on transient conditions. 

Transformer Differential Relays 

These are the standard high-speed type 
HDD relays with harmonic restraint 
which were described in a previous 
paper. 3 Because of the absence of break¬ 
ers on the line side of the transformers, 
it was necessary to provide a means of 
tripping the breaker at the other end for 
a transformer fault. This was done by 
arranging the differential relays to close 
a three-phase grounding switch on the 
154-kv line which creates a fault and 
causes tripping at the other end. 

Reclosing Relays 

After the breakers at each end of the 
line have been tripped, they can be re¬ 
closed in four different ways: 

1. Manually using the synchroscope. 

2. Manually by automatic synchronizing. 

3. Automatically with instantaneous or de¬ 
layed reclosing. 

4. Automatically with automatic syn¬ 
chronizing. 

Figure 10 shows a detail of the reclosing 
circuit. Manual closing is done by clos¬ 
ing the manual control switch (CSW) and 
the synchronizing switch on the right of 
Figure 10. Automatic synchronizing is 
initiated by turning switch 43 to position 
S; then the contacts 25 of the automatic 
synchronizing relay (type GES) will 
energize the reclosing circuit, provided 
that the voltage check relay 83 has 
operated, closing contacts SSX of its 
auxiliary relay. 

In normal automatic operation it is 
customary to set the switch 43 at the 
position marked R and 5 at each end of 
the line. This provides one immediate 
reclosure at both ends of the line through 
the instantaneous step of the type AC-1 
reclosing relay; this reclosure is made as 
fast as possible by connecting the initiat¬ 
ing relay 79AT in parallel with the trip 
coil, so that the timer is started at once, 
and the closing coil will be energized as 



Figure 10. D-c connections of automatic re¬ 
closing circuit 


soon as the breaker b switch is closed. 
If the fault persists and one end recloses 
first and energizes the line, the voltage¬ 
checking relay 83 at the other end oper¬ 
ates; this opens contact 7-8 of 83X and 
transfers the control to the automatic 
synchronizing relay 25. vSimilarly, if only 
one end trips, the other end can only 
reclose through the synchronizing relay 
25. 

A number of combinations are possible: 
for instance, one end may have the selec¬ 
tor-switch 43 set to R and the other to 5, 
so that one end recloses at once and the 
other through the synchronizer, and, of 
course, the two may be interchanged. 
If both ends are at R and have similar 
AC-1 time settings, immediate reclosure 
will occur at both ends three times unless 
the breaker stays in after the first or 
second reclosure; with different timer 
settings only the early end will reclose 
immediately. Other combinations are 
R with R and S, S with R and S, and S 
with S. Three reclosures are provided 
by the type AC-1 reclosing relay at ad¬ 
justable intervals, the maximum set¬ 
ting being three seconds; after the third 
reclosure the reclosing circuit is locked 
out. 

The type GES automatic synchronizing 
relay 25 gives the closing indication to the 
circuit breaker slightly in advance of 
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Figure 11. Connections of voltage and syn¬ 
chronism check relays 


synchronism, in order to effect closure of 
the breaker contacts at the moment 
of synchronism, regardless of the amount 
of frequency difference, unless it is ex¬ 
cessive, in which case it will not give the 
closing indication. The angle of advance 
at which the relay functions is proportional 
to the slip frequency. The relay was de¬ 
scribed in detail in a previous paper. 4 

Reactor Control 

In order to control voltage on the 154- 
kv line three 5,000-kva three-phase shunt 
reactors were provided at each end of the 
line which are connected automatically 
to the power transformer tertiary winding 
whenever overvoltage occurs or when the 
terminal breaker is opened. A short 
time delay is provided to avoid switching 
in the reactors during transient voltage 
disturbances resulting from line switching 
or from faults on the line. 

Phase Faults During Heavy Load 
Conditions 

Before the relay equipment was 
shipped, it was tested thoroughly on an 
artificial transmission line in the factory. 
These tests revealed that the directional 
properties of the mho units could not be 
relied upon above a certain value of load, 
that is, above a certain value of 8, the 
angle between the electromotive forces 
at the two ends of the line. This is 
caused by the fact that the voltage at 
the far end of the line controls the phase 
angle of the fault current, while the phase 
angle of the relay characteristic is con¬ 
trolled by the voltage at the near end. 
The fault current may therefore be far 
from the maximum torque angle of the 
relay and can be shifted still farther by 
the collapse of the voltage triangle on a 
nearby fault until it is near the zero 
torque position. Finally the super¬ 
position of the load or swing current 
actually may cause reverse torque, so 
that the mho unit may trip for a fault on 
the other side of the local transformer. 

The likelihood of wtong tripping in¬ 
creases with the angle 8 between the 
voltages at the ends of the system. With 
a bus fault the restraining torque of the 
mho unit is zero, so that it acts as a 
directional relay, and the conditions for 
wrong tripping can be expressed in terms 
of the components of current in the direc¬ 
tion of maximum torque of the relay. 

These expressions are derived in the 
appendix; they show that <9=48 degrees 
is approximately the maximum separa¬ 
tion that can exist without causing wrong 
operation of the mho unit on incomings 
load. The phase 1-2 relay goes wrong 
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Figure 12. Vector diagram of bus fault with 
outgoing power 


for a phase 2-3 fault; the other relays 
require more separation to make them go 
wrong. 

Since power transfers in excess of this 
are expected, it was necessary to seek a 
solution. The solution to this difficulty 
was the addition of a polyphase direc¬ 
tional-relay type C4P15^4 with its con¬ 
tacts arranged to supervise those of the 
mho unit. This relay has a torque pro¬ 
portional to the arithmetical sum of the 
70-degree lagging components of the 
positive-sequence and negative-sequence 
volt-amperes and was described in a 
previous paper. 6 

The CAP relay operates correctly under 
these conditions of a bus fault for load 
conditions causing up to 0 = 85 degrees. 
The maximum loads expected would give 
0 = 53 degrees, so that an adequate mar¬ 
gin is provided. Under power-swing 
conditions it is, of course, possible to 
have more than 85 degrees displacement, 
but such a separation' could only be 
reached during the reclosing period and 
would require a permanent fault; other¬ 
wise the tripping condition could not 



Figure 13. Vector diagram of bus fault with 
incoming power 


occur. While it was found possible to 
take care even of this condition, by means 
of a negative-sequence directional relay 
with a closing mechanical bias to permit 
operation • on three-phase faults, yet it 
was regarded as a very improbable coin¬ 
cidence, and it was decided that even 
the CAP relay might never be called upon 
to prevent wrong operation. 

System Tests 

The calculated settings of the relays 
were checked very closely by their be¬ 
havior during the system tests which 
are described in a companion paper. 
Internal and external faults were applied 
with zero power exchange and with the 
interconnection loaded approximately to 
its stability limit, all relay operations 
* were correct. 

Conclusions 

The magnitude of the input impedance 
of a transmission line is always a reliable 
basis for locating faults, but, as the 
length of the line increases, impedance 
magnitude becomes less reliable for dis¬ 
tinguishing between load and fault con¬ 
ditions. Fortunately, however, there is 
at the same time an increasing difference 
in phase angle. 

Distinction by angle has the advantage 
that the degree of system separation for 
tripping can be controlled accurately and 
can be effected without delay. 

Symbols 

V s = generator electromotive force at 
sending end 

V T = generator electromotive force at 
receiving end 

V a , F & = terminal voltages at A and B 
A, B = relay locations on transmission line 

5 = angle between terminal voltages 

V a and 

6 = angle between generator electro¬ 

motive forces, V s and V T 
a. ~ angle between V s and V a 
(3 = angle between V r and V b 
v = angle between polarizing and re¬ 
straining potentials on the mho 
unit 

= angle between V a or V b and load 
component of current 
X = angle between V a or V b and fault 
component of current 
<£ = power -factor angle of input im- 

pedance looking into line = tail” 1 ~ 

The following symbols are used on the 
diagrams: 

M —Mho unit (phase directional unit) 

O —Ohm unit 



Figure 14. Relay panel 


Z —Impedance unit 
R —Receiver relay 
TU —Timing unit 
MX —Mho-unit auxiliary relay 
RA —Receiver auxiliary relay 
RB —Out-of-step blocking relay 
G —Ground-fault detector 
CD —Ground directional relay 
GB —Ground backup relays 

51 — Seal-in relay 

TR — Carrier-test relay 
TS —Carrier-test switch 
S C — Carrier on-off switch 
T —Target 

A t B, C refer to the phases, for example. 

Z A y Z]J, Zc 

1» 2, 3 refer to the zone of time or impedance, 
for example, O u 0 2 , 0 3 , T u T 2 , T„ 

25 —Synchronizing relay 
43 —Transfer switch 
43/ —Inspection transfer switch 

52 — Circuit breaker 
79—Reclosing relay 

83 —Voltage checking relay 
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86—Lockout relay 

y> Z—Auxiliary relays, such as 8SX or 
79 Y 


Appendix 

The mho unit has zero voltage restraint 
during a bus fault involving more than one 
phase and therefore acts as a directional 
relay under that condition. The torque due 
to the swing current is I s cos \p where \j/ is 
the angle measured from I s to the maximum 
torque position. The torque due to the fault 
current is I F cos X where X is the angle 
measured from*//? to the maximum torque 
position. 

The following is an approximate analysis 
intended more as an explanation than 
as a rigid proof. The rigid analysis is ex¬ 
tremely long and involved. 

Referring to Figure 2, and assuming 
Vs-V R -V and that a 2-3 fault causes no 
drop in Vi 

VA cos —^ cos ^ - Vb cos — 

Then, using values of Z A taken from the 
system impedance circle for V s = V R , 
I rs = 


V cos - 

_ 2 _ 

Z A cos (5 — a) 

at the end with outgoing power or 


5 

V cos - 
_ 2 

cos (r 0 ) 

at the end with incoming power. Referring 
to Figure 12, with outgoing power 


/ 12 s- /31 s — ~Ir.s — 



The fault current is *s/3V s /2Z SJt from 
the sending end to a relay at B, and it is 
\ / 3Vr/2Z ra from the receiving end to a 
relay at A. The total relay torque is 
Vpoi Us cos cos X) where V pu i is the 

polarizing potential of the unit, so that the 
relay trips when Is cos 1 /+//? cos X is posi¬ 
tive. The unit has maximum torque when 
the current is 30 degrees leading the polariz¬ 
es potential, so that 1 p or X are 30 degrees 
less than the angle between I s or I F and 
the polarizing potential. 

If one refers to Figure 13, treating counter¬ 
clockwise angles as positive 


+2 ~ 7 ~60° 

Xio= — 90°-j-(£-f 5 — a— 60°-|-180 o 
. -5+0- a +3O° 

Similarly 


$ i = 180 o ~F T -60 o +90° = T -150 6 
X 1 = 180° +</>+ 6 - a -60° +90° 

= 0+<£-a +120° 


The 2-3 relay has no swing component, 
because/ 2 t 5 = —V 2 /j si therefore = 0 

But 


X 2.1 —180° —90°+4>+5 — a —60°—90° 
= 5+<£ —<* +120° 


Hence, with outgoing power, the relay 
will trip in any phase where one of the 
following expressions is positive: 


Relay 1-2: K cos ( 7 — 60 °) + 

cos 4 + 0 -tt+ 3 O°) 
Zra 


Relay 2-3: 


cos hfr+5 —a? + 120°) 
Zra 


Relay 3-1: K cos (7 -150°) + 

cos (<ft+5— a?-f- 120 °) 

, Zra 

where 



Referring to Figure 13, in a similar man¬ 
ner, with incoming power, that is, consider¬ 
ing the B relay 

1A12— 7“60° 

Xi 2 = 180°—90°+<£—5+/3+3D 0 —90° 

= 0-5+/3+3O° 

Here again / 235 = 0 and 

X 2rf = —90°+<£—5+/3+30° + 180° 

that is 

Xos = +0+120° 

Likewise 


fti = -180° -7+30° = 7-150° 
and 

X 31 = 180°-90°+<£-5+/3+30° 
= <£—5 + /3+120 0 


The expression for phase 2-3 has no load 
term, because the load components in the 
faulted phases are in phase and hence cancel 
out. In the case of phase 1-2 with incoming 
power the swing component becomes posi¬ 
tive and tends to trip when 5 exceeds 90 
degrees, and the fault component tends to 
trip when 5 exceeds 45 degrees. In phase 
3-1 the load component always tends to 
trip and the fault component to open the 
mho-unit contacts. 

With outgoing power both the swing com¬ 
ponent and the fault component in phase 
1-2 tend to prevent tripping. In phase 3-1 
the swing component tends to trip and the 
fault current to prevent tripping up to 
0 = 90 degrees. 

The worst of these cases is the first one, 
phase 1-2 with incoming power. The 
Midian relay trips when there are 30 de¬ 
grees between the station voltages, that is, 
5 = 30 degrees, and 5 = 48 degrees. From a 
chart similar to Figure 6 , 7 = 180 degrees 
and Z,«j = 620 ohms. This is checked as 
follows: 


A' 005(^—60°)+^—* +g+30 ° ) 

ZsB 

\/3 cos24° cos (180° —60°) 

620 cos 15° + 

cos (72° —48°+8°+30°) 
370 

V3X0.914X(-0.5) 047 
620X0.966 + 370 

= -0.00132 +0.00127= -0.00005 


This shows that the actual point of failure 
is slightly more than 5 = 48 degrees. It is 
not worth while checking with a slightly 
larger value however, because only a slight 
oscillation would be necessary to reach the 
larger value. 

During the system tests double-ground 
faults were applied on the 66 -kv and 132-kv 
busses at each end of the line with both in¬ 
coming and outgoing power up to 35,000 
kva, and no wrong operations of the mho 
units were observed. It was not possible 
at the time to repeat these tests to check the 
calculated threshold values. 


Hence, the relay will trip in any phase 
where one of the following expressions is 
positive: 


Relay 1-2: K cos ( 7 — 60 °) + 

cos (<£—5+0+30°) 
ZsB 


Re’ay 2-3: 


cos (<fr—5+0 + 120 °) 

%SB 


Relay 3-1: K cos (7 —150°) + 
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Synopsis: For many years shellac or syn¬ 
thetic-resin-coated paper has been used in 
winding condenser bushings. Two years ago 
work on the development of oil-impregnated- 
paper condenser bushings was undertaken. 
When a shortage of shellac was imminent be¬ 
cause of the war, effort to complete the de¬ 
velopment was greatly increased, resulting 
in its being completed well ahead of the date 
originally set. Manufacturing processes and 
impregnating treatments were developed 
and bushings built and tested. The proc¬ 
esses and treatments are described, and the 
data obtained from tests on representative 
bushings are given. 

Complete interchangeability for trans¬ 
former and circuit-breaker bushings has 
been obtained for current apparatus de¬ 
signs in the voltage ratings in which the 
bushings are produced. To a large extent, 
the new bushings are also interchangeable 
with bushings of older design in the same 
voltage rating. The entire insulating por¬ 
tion of the bushing is enclosed in porcelain 
and metal and this enables the bushing to 
be held in storage without special provi¬ 
sions for keeping it dry. 

The oil-impregnated-paper condenser 
bushings, built for voltage ratings 92 kv to 
230 kv, are susceptible to careful control of 
quality in the processing operations. Ex¬ 
ceptionally consistent performance and high 
dielectric strength are obtained. Con¬ 
sistently low power-factor readings on both 
hot and cold bushings were obtained. 
Radio-influence voltage measurements were 
below proposed standards. 


C ONDENSER-TYPE high-voltage 

bushings 92 kv and above are being 
built with insulating cores of uncoated 
high-grade paper wound on the con¬ 
ducting stud and impregnated with low- 
viscosity insulating oil. Previously, the 
condenser elements were wound from 
paper coated with adhesive material 
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such as shellac or one of the synthetic 
resins. 

The condenser construction is old in 
the art of bushing manufacture. Its 
ability to withstand both current and 
voltage surges has been demonstrated 
amply by its use for more than 30 years 
in both high- and low-voltage bushings. 
Therefore, the theory of bushing-con¬ 
denser design is not repeated in this paper. 

The oil-impregnated-paper condenser 
bushings retain the known advantages 
of uniform voltage gradient, high-ca¬ 
pacitance potential tap, mechanical 
strength, and small external diameter. 
From these features accrue other values 
such as small diameter and high efficiency 
of current transformers and the possi¬ 
bility of securing the maximum of inter¬ 
changeability between both new and old 
circuit-breaker and transformer bushings. 
Complete interchangeability has been 
attained between transformer and cir¬ 
cuit-breaker bushings of 92-kv and 
higher-voltage ratings in current pro¬ 
duction, and, although the new oil- 
impregnated bushings cannot be made 
interchangeable with all old bushings, 
they can replace older designs to a 
greater extent than has been possible 
heretofore. 

The development of oil-impregnated 
condenser bushings, although acceler¬ 
ated by wartime conditions, has been 
planned for several years. Plastics and 
oils were studied. A low-viscosity oil 
was selected to prevent formation of voids 
within the condenser at extreme winter 
temperatures and to facilitate the im¬ 
pregnation process, and also because of a 
slight superiority in electrical properties 
of the impregnated paper. 4 ' 7 

The insulation in condenser bushings 
under normal service voltage to ground, 
is worked at an average potential stress 
of less than 50 rms volts per mil. In the 
60-cycle withstand test, the gradient is 
approximately 200 volts per mil. Under 
surge conditions, with a 1.5 by 40-micro¬ 
second full wave, at the basic impulse 
level, the stress may reach an average 
value of 450 crest volts per mil of insula¬ 


tion thickness for a few microseconds. 
Steep-front surge flashovers have been 
made in the high-voltage laboratory, 1- " 3 
in which the average stress at the time of 
crest voltage was just under 1,000 volts 
per mil. 

The voltage gradients in these bushings 
are relatively low compared with those 
in other applications of oil-impregnated 
paper insulation. J. B. Whitehead 4 has 
published accelerated-life-test results for 
voltage stresses starting at 400 rms volts 
per mil and increasing 3.12 per cent every 
four hours until failure. The average 
failures occurred at about 715 volts per 
mil, after about 75 hours, in samples 
comparable to a single layer or step of a 
condenser bushing wound with 0.005- 
inch paper. The bushing condensers 
have an added advantage of being wound 
from a wide sheet of paper instead of 
from narrow strips of tape (except that, 
in the larger sizes, the inner layers more 
than 100 inches long are helically wound 
from paper tape). 

In paper-insulated oil-impregnated 
cables, 6 in the same standard voltage 
ratings as these bushings, the normal 
operating stress is approximately 140 
rms volts per mil. Foust and Scott 7 
show that such insulation breaks down at 
1,300 to 2,000 crest volts per mil on im¬ 
pulse voltage tests using a 1.5-by-40- 
microsecond wave. 

In oil-impregnated paper capacitors, 
using capacitor paper and thinner in¬ 
sulating walls, continuous 60-cycle rms 
gradients of 250 to 300 volts per mil 
have been used and intermittent d-c 
gradients up to 1,000 volts per mil. 

This experience and test data, sub¬ 
stantiated by other laboratory tests 
omitted for brevity, indicate a large 
margin of insulation strength in the con¬ 
denser, even when stressed with the 
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42-inch rod.. 20.. 1,507. .0.70. . 2,240. . 2,340 

42-inch rod . . 20,. 1.745..0.61. 2,800 .. 3,160 

Flashovers occurred sometimes on the gap or bush¬ 
ing alone, but generally the flashover occurred on 
both bushing and gap. 


June 1943, Volume 62 


Lingal, Cole , Waits—Condenser Bushings 


Transactions 269 




Figure 1. Typical outline of oil-impregnated condenser bushing 


1— Adapter cap 

2— Nut with lifting 

lugs 

3— Spun copper. 
Differential expan¬ 
sion taken up by 

flexing 

4— Brazed 

5— Pipe plug sol¬ 

dered over 

6— Steel shell 

7— Gauge for de¬ 
termining spring set¬ 
ting 

8— Coil-spring as¬ 
sembly places pres¬ 
sure on all gaskets 
for upper and lower 
porcelains. Six 

springs 

9— Welded 

10— Connection for 
fished-through lead 

for transformer 

11— Asbestos Neo¬ 
prene gasket 

1 2—G rounding 
straps 

13— C o r k Neo¬ 
prene-gaskets 

14— Stop to limit 
vertical movement 
and prevent rota¬ 
tional movement of 

condenser 

15— Low - tempera¬ 
ture solder 

16— C o r k Neo¬ 
prene gasket for 

transformer 

17— B all static 
shield for trans¬ 
formers only 

18— C o r k Neo¬ 
prene gasket 

19— Low - tempera¬ 
ture solder 

20— Thimble 

21— Brazed 

22— Removable mag¬ 
netic oil gauge— 

four-inch dial 

23— Oil level at 75 
degrees Fahrenheit 

24— Gap electrode 

25— Low - tempera¬ 
ture solder—can be 
unsoldered to re¬ 
move gauge 

26— Asbestos Neo¬ 
prene gasket 


most severe surges where the average 
gradient was 1,000 volts per mil. 

Successful production of oil-impre^- 
nated-paper bushing insulators requires 
carefully developed and controlled manu- 
actunng processes and treatments. At 
t e same time, this construction is re- 
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sponsive to careful co'ntrol and treatment 
during production, resulting in a more 
uniform product than has been obtained 
heretofore. A large part of the equip¬ 
ment previously used for winding con¬ 
densers from coated paper has been 
adapted, with minor changes, to produc- 
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27— C o r k Neo¬ 
prene gasket 

28— Upperoil cham¬ 

ber 

29— U p p e r por- 

celain 

30— Gauge dial and 
pointer assembly can 
be easily replaced 

31— Copper foils 

32— Oil - impreg¬ 
nated condenser 
(o i I - f i I led Kraft 

paper) 

33 — Voltage tap 

band 

34— Voltage tap 
connector 

35— Ground foil 

band 

36— Gap electrode 

37 — Voltage tap 

socket 

38— Porcelain 

39— Name plate 

40— Sampling valve 
and tubing 

41— 'Steel Range 


42— Bevel ring and 
asbestos Neoprene 
gaskets for circuit 

breaker 

43— Small hole— 
connecting passage 
between upper and 
lower oil chambers 

44— Asbestos Neo¬ 
prene gasket 

45— C o r k Neo¬ 
prene gasket 

46— Lo we r por¬ 

celain 

47— L o w e r oil 

chamber 

48— Cork Neo¬ 
prene gasket 

49— Asbestos Neo¬ 
prene gasket 

50— D ra in plug 

51— If this bushing 
is used as replace¬ 
ment of different 
style bushing, use 
the static shield or 
ball from the re¬ 
placed bushing 


tion of the oil-impregnated condenser. 
Equipment for vacuum drying and de¬ 
gassing the bushings lias been specially- 
developed for this purpose. Oil condi¬ 
tioning and handling equipment likewise 
is new (Figure 2). 

Bushing Construction 

Figure 1 shows typical construction of 
the oil-impregnated condenser bushings, 
which are built in ratings of 92 to 230 kv 
inclusive. The conductor is a copper 
tube upon which the paper condenser is. 
wound and serves as a stay bolt holding 
the entire assembly together under 
pressure of compression springs in the 
cap. 

The stud or lead (the copper tube) is. 
prepared by straightening, shot blasting, 
and coating with an adhesive material.. 
Bare Kraft paper 0.005-inch thick, having, 
a density of 0.82 maximum-0.67 mini¬ 
mum is wound on the stud to the specified 
diameter. During winding, at precal¬ 
culated diameters, coated copper-foil 
sheets are inserted to provide a series of 
concentric condensers. Each foil is 
coated on both sides with thermoplastic 
adhesive which binds the foil to the ad¬ 
jacent layers of paper, and the condenser 
at intervals of @ approximately everv 
quarter inch increase in diameter. When 
the specified number of condenser layers, 
has been wound, a layer of paper treated 
with adhesive is wound on the outside to- 
bind the condenser structure securely., 
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GLASS OVERFLOW INDICATOR 


'ATOMIZER PUMP 


BUSHING ON- 
TREATING STATION 


-OIL LEVEL CONTROL 


* ELECTRIC HEATER 
- MAINTAINS OIL 
TEMP. SO 9 C. 



-CONDENSATE 

DISPOSAL 


Figure 2. Schematic diagram of bushin 
impregnating equipment 


During the winding operation, the paper 
is heated to 1G5 degrees centigrade =*=5 
degrees centigrade and rolled under 
tension and pressure. It is then machined 
in the same manner as the shellac Micarta 
condenser which it supersedes. 

A steel sleeve is pressed on the ma¬ 
chined condenser and connected electri¬ 
cally to the outer foil. This sleeve pro¬ 
vides a means for attaching and mounting 
the condenser to the bushing flange, 
allowing limited movement longitudi¬ 
nally and rotationally between the con¬ 
denser and the flange, as required for 
building and for differential expansion 
and contraction. A fabricated steel 
flange with provision for a potential tap 
insulator and oil-sampling valve supports 
the porcelains which encase both the 
lower and upper ends of the condenser. 
Gasketed joints with mechanical stops 
are provided between the porcelain and 
metal members. The pressure on all 
gaskets is equal and is obtained from 
springs within the cap. The condenser, 
being permitted to move longitudinally 
through the flange, within controlled 
limits, permits use of the same springs 
to provide pressure on all of the gaskets. 
All joints in the enclosing parts of the 
bushing, except the gasketed joints 
adjacent to the porcelains, are made by 
silver-alloy brazing or by soldering. 

It was found during the impregnating 
period, when bushings are subjected to 
hot oil under pressure for several days, that 
many castings would show leaks, even 
several days after the treating operation 
began. Therefore, all metal parts of the 
bushing which form oil seals are now 
made from sheet or fabricated material. 
The insulating condensers are enclosed 
completely in metal and porcelain so as to 
remove all possibility of moisture ab¬ 


sorption at any time. Oil-level indication 
is provided by a magnetic-type gauge 
soldered into the side of the cap. A valve 
is provided in the flange for obtaining 
oil samples, if required, and removable 
plugs in the bottom and top of the bush¬ 
ing permit draining or refilling. 

Processing of Bushings 

The assembled bushing is sealed and 
tested for leaks with an internal air 
pressure of 20 pounds per square inch 
and the complete bushing immersed in 
water for 30 minutes. During the test 
there must be no evidence or appearance 
of bubbles caused by escaping air. To 
expedite drying during the vacuum proc¬ 
essing, the bushing is baked for approxi¬ 
mately 12 hours at 95 degrees centi¬ 
grade 5 degrees centigrade immediately 
before being connected to the treating 
system. During processing, the bush¬ 
ing is mounted on a support as shown 
in Figure 2, and steam at 120 degrees 
centigrade (approximately 14 pounds per 
square inch gauge pressure) is admitted 
to the inside of the copper tube on which 
the bushing is wound. The top end of 
the tube is closed and sealed. The steam 
gives off heat to the bushing, and con¬ 
densation occurs within the copper tube 
and is removed from the system through 
a suitable trap. Connection is made to 
the vacuum system at both the top and 
bottom ends of the bushing. An ab¬ 
solute pressure of less than 5 millimeters 
of mercury is obtained within the bush¬ 
ing. The drying treatment is continued 
under high temperature and low pressure 
until degassing is complete and the power 
factor does not exceed 0.004. When this 
condition is obtained, a low-viscositv 
insulating oil, previously conditioned 


by heating and degassing, is admitted 
to the bushing at the lower end and 
permitted to rise until the bushing en¬ 
closure is filled completely. Pres¬ 
sure is then applied to accelerate com¬ 
plete saturation of the condenser with oil. 
Saturation is tested by reading the capaci¬ 
tance of the bushing with a Schering 
bridge and noting when no further in¬ 
crease occurs. It has been found that 
the fully treated bushing capacitance in¬ 
creases approximately 44 per cent over 
the dry bushing capacitance. 

Mechanical Tests 

Mechanical tests were made on a 
sample bushing to demonstrate ability to 
withstand handling, transportation, and 
service abuses. They are reported in 
detail in the appendix. 

Electrical Tests 

Electrical tests made on bushings of two 
voltage classes are reported in this paper. 
The first was a 196-kv 1,200-ampere 
experimental bushing. This bushing 
differed from standard in two respects: 

1 . There was no potential tap. 

2. The lower porcelain was nine inches 
shorter than standard. 

The short porcelain was used to avoid 
delaying tests while waiting for the 
standard porcelain of the new design to* 
be manufactured. 

The second bushing tested and de¬ 
scribed in this paper was rated 138 kv, 
1,200 amperes. It was of standard de¬ 
sign and materials in all respects. 

Test results are given on these two' 
ratings of bushings, because 138 kv is the 
most widely used transmission voltage, 
and 196 kv bushings are used on 230/ 
196-kv apparatus where they are sub¬ 
jected to the 230-kv system voltage. 

Electrical tests were made to deter¬ 
mine if the bushings would meet all 
AIEE, National Electrical Manufacturers 
Association, or other electrical require¬ 
ments. After these requirements were 
satisfied successfully, tests were con¬ 
tinued for the purpose of obtaining 
information on the reserve insulation 
strength. An unusually large reserve 
was shown in both bushings, as indi¬ 
cated in the complete test results given 
in the appendix, but summarized in the 
following paragraphs. 

196-Kv Bushing Tests 

Before making high-potential tests, 
power-factor and capacitance measure¬ 
ments were made at room temperature 
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Figure 3. 196-kv experimental bushing 

flashover curves 

Standard rod gap in parallel, 1,5x40-micro- 
second positive wave 

Approximately 40 Plashovers for each curve 
observed 


Values of radio-influence voltage that 
are permissible in high-voltage apparatus 
have been the subject of study for some 
years; test methods have been agreed to; 
and considerable data have been ob¬ 
tained on important apparatus. There 
is still a question as to how far the in¬ 
dustry can go in requiring low radio¬ 
influence voltage levels without imposing 
economic hardship. The form of bushing 
here discussed is favorable from the point 
of view of radio interference. This is the 
result of a bushing construction in which 
the insulating material, being completely 
impregnated with oil, is free from voids, 
and the discharges which produce radio¬ 
influence voltage are minimized. 

One-Minute Dry Withstand Tests , 60 
cycles, 465 kv (AIEE Standard) were 
made at the beginning of, during, and at 
the completion of the high-potential test 
program. The bushing did not give any 


Barometer 

Cinches) 


Temperature 
(Desrees Fahrenheit) 


Relative 
- Atmospheric 
Density 


Humidity 

Correction 

Factor 


Total 

Correction 

Factor 


50-inch gap.29.26.66 

57.5- inch g ap.29.16.76 .. 

62.5- inch sap.29.10.82.5. . 

67.5- mch gap.29.10.70 

No sop.29 24.86 . . 


• 1 • 008.0.238.1.093.1.084 

.0.980.0.235.1.093..,. 1 115 

■° 965.0.248.1.088’. ..1.127 

•°-985.0.233.1.093.1.109 

• Q • 965.0.313.1.071.1.109 
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T°P.1V 8 • • .Up . . 105. .No damage' 11 

Top... . Vs ..Up . . 1,100.. No damagef 

T °P. Vs. . .GO degrees .1,000 .No damagef 

clockwise 

Top. r, /s. • .60 degrees . . 1,000. .No damagef 

counter¬ 

clockwise 

Bottom. . Vs. . . 60 degrees . . 1,000. . No damage J 
clockwise 

Bottom.. Vs... Up . . 1,000. . No damage J 

Bottom.. s/ 8 ... 60 degrees .. 3,000,. No damagef: 
counter¬ 
clockwise 

Top... . s/s... 60 degrees .. 2,000.. No damagef 
counter¬ 
clockwise 

* Drop of 1V8 inch unjustifiably severe; Vs-inch 
drop comparable with similar tests previously made 
on samples of earlier types of bushings. 

f Bottom end rebounded about Va-inch high after 
each drop of top end. 

■t Top end rebounded twice (first bounce 3 /i« inch) 
at each drop of bottom end. Bottom end also re¬ 
bounded slightly. 

additional impulse tests were made with 
positive and negative 1.5x40-waves hav¬ 
ing crest values ranging from 680 kv to 
1,800 kv. A total of 203 impulses was 
imposed on the bushing. The values 


(25 degrees centigrade) and at elevated 
temperature (the entire bushing heated 
to 80 degrees centigrade). The readings 
were: 

25 degrees centigrade—power factor = 
0.0049, capacity = 366 micromicrofarads 

80 degrees centigrade—power factor = 
0.0076, capacity = 371 micromicrofarads 

Comparative power-factor and capaci¬ 
tance measurements were made up to 
200 kv, using a high-voltage Schering 
bridge (see appendix). The readings 
taken before and at intervals during high- 
voltage testing showed that the curve 
of power factor and capacitance versus 
voltage was practically flat, and also that 
the bushing condenser was not being 
damaged appreciably by the tests. 

Radio-Influence Voltage measurements 
were taken at 10-kv steps from 160 kv to 
200 kv. No measurements were above 
25 microvolts. The same values were 
read on the test circuit alone and with 
the bushing connected to the circuit. 
It therefore seems obvious that the value 
of radio-influence voltage of the bushing 
was below that of the circuit alone. At 
the conclusion of all high-voltage tests, 
after both porcelains had been destroyed 
and the condenser badly damaged, read¬ 
ings were taken up to 150 kv. No read¬ 
ing exceeded 150 microvolts. 


indication of distress, although both 
porcelains were broken and consider¬ 
able damage done to the condenser before 
the last withstand test was made. 

The Standard Impulse Test for bushings 
of this voltage rating is three shots with 
a 1.5 by 40-microsecond full wave having 
a crest value of 900 kv. After the bush¬ 
ing was subjected to the standard test, 



Figure 4. 138-kv bushing flashover curves 

with 43.2-inch standard rod gap in parallel, 
1.5x40-microsecond positive and negative 


waves 

Type-0 condenser bushing 


provided volt-time impulse-flashover 
curves shown in Figure 3. Each curve 
represents approximately 40 shots. In 
this set of tests, gaps were used in parallel 
with the bushing for the first 160 tests, 
as indicated in Figure 3. Forty tests 
were then run without a gap. In Figure 
3 these tests are marked “no gap.” 
When corrected for standard air condi¬ 
tions, the actual impulse-flashover values 
are indicated by the curve in Figure 3 
marked “corrected curve for standard 
air conditions with no gap.” Three 
1.5 by 40-microsecond negative full-wave 
impulse tests were made. The third test 
broke a skirt of the lower porcelain. To 
conserve the porcelains for additional 
testing, gaps were again installed, and 
77 steep-front impulse tests were made 
having crest values from 1,178 kv to 
1,850 kv. During this series of tests, 
both porcelains were broken. 

The condenser was apparently un¬ 
harmed at the end of the tests just de¬ 
scribed. It was then removed from the 
porcelain enclosure and left standing with 
the upper end exposed to air from Friday 


Temperature 

(Degrees Fahrenheit) Relative 
Barometer Atmospheric 

(Inches) Dry Wet Density 


Humidity 

Correction 

Factor 


Total 

Correction 

Factor 


Positive. 

Negative. . . , 


.29.34.85. 

.29.34.85. 


•0.965.0.732.0.975.1.012 

■ .0.965.0.732.0.975.1.012 
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Figure 5. 138-kv bushing flashover curves 

with 46-inch special gap in parallel, 1.5x40- 
microsecond positive and negative waves 

Type-0 condenser bushing, 4 l / 4 -inch diameter 
toroid gap 


night until Monday morning. The entire 
condenser was then immersed in a large 
tank of oil and given 40 impulse shots 
with a 67.5-inch gap in parallel. Volt¬ 
ages having a crest value of 1,880 kv 
were attained. This set of tests was 
followed by 25 steep-front impulses 
having a crest value of 1,900 kv. At the 
end of this series of tests, damage was 
indicated in 18 of the 30 steps in the con¬ 
denser which, however, successfully with¬ 
stood a 465-kv 60-cycle test for one 
minute. More detailed information is 
given in the appendix. 

138-Kv Bushing Tests 

Power-Factor and Capacitance measure¬ 
ments were made at 13.8 kv with the in¬ 
verted Schering bridge. The power 
factor was 0.0037, and the capacitance 
was 399 micromicrofarads. High-voltage 
power-factor tests and capacitance meas¬ 
urements were made with a laboratory- 
type high-voltage Schering bridge. These 
measurements began at 47 kv and ended 
at 150 kv. The power factor at 47 kv was 
0.0035, and the capacitance was 362 mi¬ 
cromicrofarads. At 150 kv, the power 
factor was 0.0039, and the capacitance 
was 362 micromicrofarads. The high- 
voltage .Schering bridge tests were re¬ 
peated several times during the series of 
60-cycle and impulse tests. No variation 
in these values occurred throughout the 
series of tests, indicating that the condi¬ 
tion of the bushing at the end of the tests 
was substantially the same as at the be¬ 
ginning. 

Radio-Influence Voltage measurements 
were made at several voltages up to 150 
kv. No reading exceeded 150 microvolts, 


indicating that the. radio-influence volt¬ 
age was well within any limits proposed 
for bushings of this voltage rating. 

Dry Flashover Tests . After the stand¬ 
ard AIEE one-minute dry test (335 kv), 
had been made, it was decided to develop 
the dry flashover strength of the bushing. 
Ten flash overs were made from 403 kv 
to 438 kv. 

Wet 60-Cycle Flashovers were made 
following the ten-second wet withstand 
test of 275 kv. Ten flash overs were made 
with voltages ranging from 340 kv to 
369 kv. 

Volt-Time Impulse Tests were made at 
the standard value of 650 kv with a 1.5x40- 


microsecond full wave. To obtain 
further data on the actual insulation 
strength of the bushing, additional im¬ 
pulse tests were made with positive and 
negative waves. A total of 160 positive 
and negative wave impulses were made 
with a 1.5 by 40-microsecond wave, both 
full and chopped, from the results of 
which Figures 4 and 5 were drawn. 
These tests were followed by 180 steep- 
wave-front flashover tests. Crest volt¬ 
ages ranged from 982 kv to 1,745 kv. 
Additional data on this series of tests are 
given in the appendix. 

The insulation of the bushing was in¬ 
dicated to be unharmed at the end of 
this series of tests, and the bushing was 
taken to another laboratory for mechani¬ 
cal tests which are described in the ap¬ 
pendix. 

Conclusions 

I-Iigh-voltage outdoor-type condenser 
bushings have been built in which the 
insulation is oil-impregnated paper. The 
bushings are usable and interchangeable 
on either circuit breakers or transformers 
of current design and in nearly all cases 
can be used to replace bushings of earlier 
design. The bushings are assembled 
completely and treated in the factory, 
then permanently sealed before shipment. 
They are designed to pass through bush¬ 
ing-mounting flange openings and cur¬ 
rent transformers without the disman¬ 
tling of any parts, since the entire con¬ 
denser structure is hermetically sealed in 
metal and porcelain. No special storage 
requirements for protection against 
weather or atmospheric conditions are 


required. The design provides for emer¬ 
gency operation of a bushing over a con¬ 
siderable period of time, even though one 
of the porcelain casings might be broken 
or destroyed. Electrical tests required 
by the industry have been met with a 
wide margin of safety. Very high punc¬ 
ture strength has been demonstrated by 
the fact that no damage was done to the 
insulating members over a long series of 
electrical tests until after the enclosing 
porcelains had been completely destroyed. 
Power-factor measurements at both room 
temperature and elevated temperature 
are very low. Radio-influence voltage 
measurements were well within limits 
proposed. 

The tests reported in this paper were 
made on new bushings under good con¬ 
ditions. Bushings in service cannot be 
kept clean at all times and should not be 
expected to maintain continuously the 
high values obtained in these tests. 

Since 1936 the Detroit Edison Com¬ 
pany has rebuilt a large number of 132-kv 
condenser bushings using the old con¬ 
densers. Before the rebuilding, the var¬ 
nish was removed, and the condensers 
were impregnated with insulating oil. 
The satisfactory service record of these 
rebuilt bushings, with the limitations of 
old materials, is convincing evidence that 
the use of oil-impregnated paper con¬ 
densers is a valuable improvement in 
bushing construction. 

While the construction and processing 
of the rebuilt bushings and those de¬ 
scribed in this paper are not identical, 
the authors received valuable encourage¬ 
ment and stimulation from the early 
work done by the Detroit Edison Com¬ 
pany engineers in rebuilding bushings. 

Appendix 

Detailed Report of Special Tests on 

196-Kv Experimental Bushing 

Test 1 — High-Voltage Schering-Bridge 
Tests at 200 ICv. Comparison standard 
capacitor comprising a stack of coupling 
capacitors, as read by 13.8-kv inverted 
Schering bridge; 0.0024 power factor, 642 
m ierom icrof arads. 

Apparent power factor and capacitance of 
bushing, mounted in large closed-top testing 
tank of oil, at 200 kv, assuming comparison 
standard power factor and capacitance to 
remain constant: 0.00305 power factor, 
297.5 micromicrofarads. 

This reading was rechecked, with insig¬ 
nificant small variations, at frequent inter¬ 
vals during the surge-testing program, and 
this served to prove that no appreciable 
damage was being inflicted on the bushing 
condenser by the tests. 

This reading neglects the unknown differ¬ 
ence between the capacitance of the com¬ 
parison standard as read by the inverted 
Schering bridge and as used in the con veil- 


Temperature 



Barometer 

(Inches) 

(Degrees Fahrenheit) 

Relative 


Humidity 

Total 

Weather 

Dry 

Wet 

Atmospheric 

Density 

Humidity 

Correction 

Factor 

Correction 

Factor 

Positive. . . . 

...29.36... 

. . . .83. ... 

...7U/2... 

...0.970_ 

. ..0.656... 

. ...0.990. .. . 

...1.031 

Negative. . , 

. ...29.32... 

. . . .81. .. 

. .74. 

...0.972. 

. ..0.770.. . , 

....0.969.... 

...0.996 
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tional high-voltage bridge circuit, because 
of the external capacitance to ground being 
included in the former and excluded in the 
latter. 

Test 2 Radio-Influence Voltage Measure¬ 
ments to 200 Kv. Test made with stand¬ 
ard radio-influence measurement circuit , 8 - 9 
using 220 -kv coupling capacitor. 


Applied 60-Cycle Kilovolts 

160 170 

180 

190 

200 

Microvolts, with bushing. . 

.10..25. 

. 15. 

.20. 

.15 

System, without bushing. .. 

.10..25. 

.15. 

.20. 

.15 


Test 3—Dry Withstand Test , 465 kv, 60 
cycles, one minute—successful. (Schering- 
bridge check test at 200 kv.) 

Test 4 — Impulse-Flashover Curve, kilovolts 
versus microseconds 1.5 by 40 microseconds; 
positive wave, 50-inch standard rod gap in 
parallel. 680 kv to 1,150 kv at 2 micro¬ 
seconds. See Figure 3 (40 shots)—success¬ 
ful. (Schering-bridge check test at 200 
kv.) 

Test 5—Impulse-Flashover Curve , kilovolts 
versus microseconds 1.5 by 40 microseconds; 
positive wave, 57 V 2 -inch standard rod gap 
in parallel. 770 kv to 1,800 kv at 1.2 micro¬ 
seconds. See Figure 3. (40 shots)—success¬ 
ful. 

Test 6 Impulse-Flashover Curve , kilovolts 
versus microseconds 1.5 by 40 microseconds; 
positive ware, 62y,-inch standard rod gap 
m parallel. 820 kv to 1,650 kv at 2 micro¬ 
seconds. See Figure 3. (40 shots)—suc¬ 

cessful. 

Test 7—Impulse- Flashover Curve, kilovolts 
versus microseconds 1.5 by 40 microseconds; 
positive wave, 67 Vo-inch standard rod gap 
in parallel. 900 kv to 1,650 kv at 2 micro¬ 
seconds. See Figure 3 (40 shots) —success¬ 
ful. (Schering-bridge check test at 200 kv.) 

No damage of any kind to the bushing 
resulted from any of the foregoing tests. 

Test 8—Impulse-Flashover Curve, kilovolts 
versus microseconds 1.5 by 40 microseconds; 
positive wave without gap in parallel. Ap¬ 
proximately 40 shots. 940 kv to 1,770 kv 

at 0.75 microsecond. See Figure 3 _ 

successful. (Schering-bridge check test at 
200 kv.) 

In test 8 , a small piece was broken off 
the edge of one skirt near the middle of the 
weather casing. 

Test 9—Impulse-Flashover Curve, kilovolts 
versus microseconds 1.5 by 40 microseconds; 
negative wave without a gap in parallel- 
test not completed. (Schering-bridge check 
test at 200 kv.) 

After three shots, a skirt of the lower por¬ 
celain was broken by flashover in the tank 
oil, and negative-wave flashover tests were 
discontinued. The standard porcelain for 
this 196-kv bushing is 3674 inches long, but 
to avoid waiting for manufacture of the cor¬ 
rect porcelain, this experimental bushing 
had been built with a porcelain 27 V 8 inches 
long. Therefore, performance of this lower 
porcelain was not pertinent. With the 
broken lower porcelain, the testing was 
resumed. 

Test 10— - -Steep- Front Impulse Test, positive 
wave 63-inch standard rod gap in parallel, 
len shots 1,178 kv (uncorrected). Effective 
rate of rise kv per microsecond = 870. 
hlashed on gap. 

Test 11—Same as Test 10 except 1,709 kv 
(uncorrected), and effective rate of rise = 


3,200 kv per microsecond. Ten shots. 
Eight shots flashed gap and two shots 
flashed both gap and bushing. 

Test 12—Same as Test 11 except 1,850 kv 
(uncorrected)and 3,360 kv. Per microsecond 
effective rate of rise. 57 shots. All shots 
flashed both gap and bushing. 

Noises were heard in the test tank on 36th 
and 37th shots, indicating further shattering 
of the previously broken lower porcelain. 
Bridge readings were taken and found to be 
normal. Testing was resumed on the follow¬ 
ing day. On the 56th shot, a small piece 
was broken off the top end of the top por¬ 
celain. The 57th shot was taken, and a 
large piece was knocked out of the upper 
porcelain extending down to, eighth skirt 
from the top. Apparently the bushing had 
lost oil because of breakage of lower por¬ 
celain, since none was found in weather 
casing when it broke. 

The bushing was temporarily lifted above 
the test tank for inspection, and the lower 
porcelain was found badly shattered. 

Bridge readings were taken at 200 kv and 
indicated the condenser to be unharmed. 
(0.0034 power factor; 297.5 micromicro¬ 
farads.) 

The bushing was removed from the test 
tank. 


cylinders, some at the top and some at the 
bottom end. Each breakdown burned 
through or flashed over one to three steps. 
The ends of the bushing had been exposed 
to the air after the removal of the porcelain 
casings. The paper was found thoroughly 
saturated with oil throughout the condenser. 


Detailed Report of Special Tests on 
138-Kv 1,200-Ampere Bushing 

The bushing tested was of standard de¬ 
sign and materials in all respects. The proc¬ 
essing equipment for production was not 
completed, and processing was done on 
experimental equipment. Tests as de¬ 
scribed in the following were made success¬ 
fully: 

•Test 1—Bushing Mounted in Test Tank, 
room temperature: 


(a) . 13.2-kv inverted Scher- 

^ ing bridge =0.00375 power factor 

Capacitance =399 micromicrofarads 

( b ) . High-voltage Schering 

bridge 47 kv =0.0035 power iactor 

Capacitance =362 micromierofarads 


(f). 150 kv 

Capacitance 


= 0.00395 power factor 
= 362 micromicrofarads 


Test. 2—Dry 60-Cycle Flashovers (corrected 
to standard atmospheric conditions); 


The porcelains and flange were completely 
removed and the condenser examined. 
Slight markings were observed on the sur¬ 
face of the lower end, indicating that after 
the lower porcelain was broken, at least one 
flashover had occurred over the surface 
of the lower end of the condenser. 

The unprotected condenser was left- 
standing from Friday night until Monday 
morning with the upper end exposed to air, 
the lower end, from the normal flange loca¬ 
tion down, was immersed in oil. Without 
further treatment, test 13 was made. 

Test 13 —The condenser was suspended on 
a string of strain insulators in a 20 -foot- 
diameter oil tank with the outer foil 
grounded. To reduce voltage disturbances 
over the surface of the oil, the cap was used 
as a shield on the upper end of the stud, 
about half of the cap being under oil. The 
condenser was given the one-minute dry 
60-cycle withstand test of 465 kv. Results— 
successful. 

Test 14 —Still in oil tank, as in test 13, an 
impulse curve, kilovolts versus micro¬ 
seconds, to flashover was run with a 1.5 by 40- 
microsecond positive wave and a 6772 -inch 
rod gap in parallel to 1,880-kv crest. About 
40 shots were taken. The cur-ve corre¬ 
sponded closely to the curve for the 67 7 2 - 
inch gap in Figure 3. Results—successful. 

Test 15 With the same setup as for 
test 14, 25 shots were taken with a positive 
wave rising to 1,900-kv crest. Effective 
rate of rise 3,360 kilovolts per microsecond. 
During the series, some bubbles rose, indi¬ 
cating breakdowns were occurring either 
over or through the condenser insulation. 
On the 21st to 25th shots, the gap did not 
flash.. Inspection showed 18 of the 30 
steps in the condenser damaged. 

Test 16 —The condenser was again sus¬ 
pended in the tank as for tests 14 and 15. 
465 kv, 60 cycle was applied for one minute. 
The badly damaged condenser passed the 
regular 60-cycle withstand test. 

Test 17 —The condenser was unwound, 
and all the breakdowns were observed to 
have occurred at the ends of the copper foil 


438 kv—411 kv—438 kv—432 kv—418 kv 
426 kv—430 kv—416 kv—403 kv—410 kv 

Test 3—Wet 60-Cycle Flashover (corrected 
kilovolts): 

340 kv—353 kv—353 k.v—350 kv—357 kv 
302 kv—369 kv—357 kv—353 kv—359 kv 

Precipitation—0.2 inch per minute 
Water pressure—40 pounds per square inch 
Resistivity—7,000 ohms per inch cube 

Test 4 — Schering-Bridge Test to 150 kv. 

Test 5—Time to Flashover Impulse Curve 
with special toroid gap set at 46 inches in 
parallel, to flash at 670 kv, 1.5 by 40-micro¬ 
second positive wave—40 shots up to 1,200 
kv. See Figure 5. 

Test 6—Time to Flashover Impulse Curve 
with standard rod gap set at 43.2-inch (700 
kv) 1.5 by 40-microsecond positive wave, 40 
shots up to 3,200 kv. See Figure 4. 

Test 7 — Same as Test o except with nega¬ 
tive wave. See Figure 5. 

Test 8 — Same as Test 6 except with nega¬ 
tive wave. See Figure 4. 

Test 9 — Schering-Bridge Test at 150 kv in¬ 
dicated no damage. 

Test 10—Steep Wave-Front Flashover Tests. 
For typical oscillograph data see Table I. 

Test 11 — Schering-Bridge Tests up to 150 
kv, together with inspection, showed the 
condition of the bushing to be the same as 
at the beginning of the test program. 

Drop Tests on 138-Kv 1,200-Ampere 

Bushing 

Bushing horizontal, supported on fulcrum 
at one end and motor-operated lifting and 
dropping mechanism at other. Drops 21.5 
times per minute (1,290 per hour). See 
Table II. 


Elastic Bending De¬ 
flection of Bushing At Top End At Bottom End 
(Vs-Inch Drop) of Flange of Flange 


When dropping lop 

end ..Vs inch.i/s inch 

When dropping bot¬ 
tom end. 3 /in inch.i/s inch 
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Performance Requirements for Relays on 
Unusually Long Transmission Lines 


F. C. POAGE C. A. STREIFUS 

MEMBER AIEE ASSOCIATE AIEE 

Synopsis: Analysis of fundamental bases 
of relaying made as part of the engineering 
for the 270-mile 154-kv interconnection be¬ 
tween systems of Nebraska Power Company 
and Kansas Gas and Electric Company re¬ 
veals that, of current, phase angle, im¬ 
pedance, and impedance angle, none alone 
offers satisfactory discrimination among 
open-circuit, short-circuit, and load con¬ 
ditions. Combination of input-impedance 
magnitude Z and impedance angle 
Tp = ta.n~ l X/R is studied by means of “im¬ 
pedance circle diagrams” of the intercon¬ 
necting circuit. On these diagrams is 
charted the dynamic behavior of the inter¬ 
connected systems during faults and surges 
of synchronizing power. The desirable 
areas of trip and no trip are mapped, and 
general specifications for the performance of 
relay systems are presented in terms of 
impedance magnitude and angle, Z Z\p. 
Thereby full advantage can be taken of all 
possible synchronizing power inherently 
available over the interconnection and at 
the same time faults and approach of out-of¬ 
step condition can be recognized properly. 

R e-examination of fundamental 

principles of transmission-line re- 
laying for phase protection and the de¬ 
velopment of advanced methods for cal¬ 
culating and specifying relay perfor¬ 
mance for long lines and interconnections 
have been included in the engineering of 
a 270-mile 154-kv interconnection be¬ 
tween systems of Nebraska Power Com¬ 
pany and Kansas Gas and Electric Com¬ 
pany. 1 This has led to development of 
new long-line-type relays described in a 
companion paper. 2 Installation and test 
of these relays under conditions of actual 


D. M. MacGREGOR E. E. GEORGE 

ASSOCIATE AIEE FELLOW AIEE 

operation are described in another com¬ 
panion paper. 3 

The complete relay requirements for 
this interconnection are quite special, 
because the transmission line is unusually 
long; transformers are connected as parts 
of the line between terminal breakers, 
and automatic instantaneous reclosure of 
circuit breakers is employed to maintain 
synchronism after faults without benefit 
of other parallel ties. 

Bases for Relaying 

As introduction to the problems of re¬ 
laying this transmission circuit, some of 
the principal bases of modern relaying 
and their applicability to long-line inter¬ 
connections are reviewed. 

Current Magnitude and Phase-Angle 
Bases 

Figure 2 indicates as a function of 
length the magnitude of current which 

Paper 43-37, recommended by the AIEE com¬ 
mittees on power transmission and distribution and 
protective devices for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
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December 22, 1942. 
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may be expected at the sending end of an 
open-wire transmission line with con¬ 
struction suitable for 154-kv 60-cycle 
operation for open circuit, for a representa¬ 
tive load, and for short circuit. Study 
of these curves reveals that there is little 
or no hope of attaining discrimination 
between load and short circuit by measur- 
ment of current magnitude on lines much 
in excess of 100 miles in length. This 
virtually rules out consideration of over¬ 
current relays for long lines. On the 
270-mile line under study, there would be 
absolutely no margin since the current on 
load swings exceeds the short-circuit cur¬ 
rent for faults at the far end of the line. 
It should be noted also that the line¬ 
charging current is nearly equal to the 
minimum short-circuit current. 

In this discussion, a representative 
load is assumed to be an impedance equal 
to the characteristic impedance or surge 
impedance of the line,' 1 Z 0 =\/z/y. 
However, as explained in the paragraphs 
which follow, momentary requirements 
for transfer of synchronizing power be¬ 
tween large systems easily may result in 
tie-line current considerably greater than 
surge-impedance load and even in excess 
of far-end short-ciacuit current. 

The phase-angle function in trans¬ 
mission-circuit performance and its rela¬ 
tion to relaying can be studied conven¬ 
iently by beginning with the power circle 
diagram representing power input to the 
circuit terminal at the relay location. 
This diagram is plotted in Figure 3 from 
the sending-end power equation 1 




The form of this equation, and the * 
notation used, are explained fully in 
Appendix I. 

The first term of this equation depends 
only upon the circuit constants and the 
voltage E s at the near eild or sending end 


Deflection Tests of 138-Kv 1,200- 
Ampere Bushing 

Bushing mounted vertically by its flange. 
Sidewise stress applied, and deflection meas¬ 
ured to left and to right, seven times each, 
first at top end and then at bottom end of 
bushing. Deflections apparently were en¬ 
tirely elastic up to 220 pounds maximum 
applied. 

Deflection per 100 pounds side stress: 

Top end—0.00625 inch. Bottom end—0.0052 inch. 

Vibration Test 

Motor with flywheel unbalanced 0.474 
pound-foot, attached to top of bushing, was 
run 84 hours at 1,300 rpm, exerting a cen¬ 


trifugal force of 273 pounds, vibrating the 
top of the bushing to a deflection of approxi¬ 
mately 0.014 inch from the center line. No 
oil leak or other damage resulted. 
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of the circuit and defines the location of 
the center 0' of the power circle. The 
second term defines the magnitude and 
direction of the radius of the power 
circle. 

When E r < DE S , the power circle radius 
E,E r B becomes less than E S 2 D/B, which 
is the distance 0-0' of the center to the 
origin, then the steady-state side of 
the locus P s lies between the origin 0 
and the center of the power circle O'. 
With these conditions, the power-factor 
angle 9 lies in the same general direction 
at normal loads as it does for short cir¬ 
cuits on the line. 

A numerical example will make this 
effect clear. For a line about 150 miles 
long, of uniform symmetrical construc¬ 
tion and without terminal transformers, 
D — A — 0.95 (see Figftre 8). Assume 
first that E r —DE S , which means that 
far-end or receiving voltage is 95 per cent 
of the near-end or sending voltage. This 
is a normal condition. The power circle 
for this condition passes through the 
origin of the diagram (P = 0, Q=0). For 
zero power flow (P = 0), the power-factor 
angle 6 is indeterminate. For small flow 
of power from the bus to the line (P>0), 

9 is nearly equal to 90 — /3+A degrees. 
For a small reverse flow of power (P<0), 

6 is slightly greater than 270 —jS+A 
degrees. This is a change of nearly 180 
degrees in the value of 9 for a very small 
change in load over the line which may be 
a tie between two systems operating in 
synchronism. 

Next consider what happens upon a 
change in the relative voltage levels at 
the two ends of this same line. Assume 
now that £ r =0.90£ s . Since E r <DE s , 
r tlle P°wer circle for this condition crosses 
’ the vertical axis Q -Q below the origin. 
For condition of no power flow (P = 0), 
the power-factor angle 6 is 270 degrees! 
meaning that the near-end or sending 
system is supplying reactive volt-amperes 
(-<?) to the line and to the far-end or 
receiving system. 

Assume last that E r =E s . Since 
E r >DE s , the power circle for this condi¬ 
tion crosses the vertical axis Q -Q above 
the origin. For the condition of no 
power flow (P = 0), the power-factor 
angle is 90 degrees, meaning that the 
near-end or sending system is obtaining 


reactive volt-amperes (Q) from the line 
equal to the charging kilovolt-amperes 
of half the line. 

From this example, it may be seen that 
the power-factor angle 9 may swing to any 
position within a complete circle of 360 
degrees under normal load conditions. 
It therefore cannot be used alone as basis 
for discrimination between load and fault 
conditions. 

To complete this analysis of phase 
angle, it is necessary also to investigate 
cases of short circuit, open circuit, and 
loads approaching stability limits. 

Points corresponding to open circuit 
at the far end are not readily plotted on 
the near-end or sending power circle dia¬ 
gram until the sending-end power is 
determined from some other equation. 
The power for this condition is P s = E 2 
(C/A), which is the charging kilovolt-am¬ 
peres of the circuit. For uniform open-wire 
lines, this falls in the first quadrant of the 
power circle diagram for all lengths 
up to y 4 wave length, or nearly 760 miles 
for 60-cycle power lines having low- 
resistance conductors. Thus the power- 
factor angle 9 for this open-circuit condi¬ 
tion on such lines is always less than 90 
degrees and for most lines less than 600 
miles long is very near 90 degrees. 

For a short circuit at the far end of a 
circuit (E r - 0), the power P s at the near 
end is found directly from equation 1, 

/(A- (3) ~ E s- E r 


P.= 


E,*-D 


B ^ /(d rs +0). 

Since E r — 0, the second term of this 
equation disappears, and the power 
is the first term which locates the center 
of the power circle O'. Since all such 
centers for all values of E s and for all 
lengths of uniform lines up to very nearly 
y 4 wave length, say to 700 miles for 60- 
cycle power lines having low-resistance 
conductors, fall in the fourth quadrant, 
the power-factor angle 6 for short circuits 
on such lines is always between 270 and 
360 degrees and is /(A-ft) , corre¬ 
sponding to the length of line to the point 
of fault. 

For analysis of cases near the stability 
limits of a circuit, it is necessary to refer 
again to the power circle diagram and 
power equation. For any pair of values 
of E s and E r} there is one near-end or 
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Figure 2. Current input to line from 154-kv 
bus as a function of length and far-end terminal 
load 

sending power circle. The maximum 
power (Fornax) which can be put into the 
circuit from the near-end bus at these 
voltages is specified by a tangent to the 
power circle drawn to the right-hand side 
of, and parallel to, the <3 -Q axis. The 
maximum power (-—P 9 max) which can be 
taken from the circuit into the same bus 
is specified by a similar parallel tangent 
drawn to the left-hand side of the Q -Q 
axis. 

These two values of power (P s max) 
and (—P s max) are not steady-state power 
limits, as might be thought at first glance. 
The true steady-state power limits for an 
interconnection established by such a 
circuit would ordinarily be less than the 
values thus indicated, depending upon 
characteristics of the systems inter¬ 
connected. 5 However, power loads of 
these magnitudes may be imposed mo¬ 
mentarily on interconnection circuits 
during power swings following system 
disturbances. Figure 5 illustrates the 
moment-to-moment changes in angle 
between two systems and the two ter¬ 
minal voltages of the interconnecting 
circuit during a system disturbance as 
obtained from an a-c network analyzer. 6 
The angle 8 rs is the link or factor con¬ 
necting this figure with the power circle 
diagram, Figure 3. It is the angle be¬ 
tween the terminal voltages E r and E s 
and must not be confused with either the 
phase angle 9 between current and voltage 
or the impedance angle i/^tan ^{X/R), 
used in power and impedance diagrams 
respectively. This angle 8 rs is so im¬ 
portant in the subsequent discussions that 
calibration scales of it are included in 
many of the figures, and diagrams are 
included for the purpose of identifying 
corresponding points as related by this 
angle throughout these discussions. 

Referring again to the power limits on 
the power diagram, Figure 3, it is seen 
that on the upper or stable half of those 
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Figure 3. Construction of sending-end power 
circle diagram from equation 1 


power circles which enclose the origin 0, 
that is, circles corresponding to E r >DE S , 
the phase angle 8 swings continuously in 
one direction through more than 180 
degrees as the power simultaneously 
swings through its full range from 
(P 5 max) to ( —P 5 max). For fixed near¬ 
end voltage E s and at one or both of the 
loads, (P s max) and ( — P s max), the kilo¬ 
volt-amperes and the current I s measured 
at the near-end terminal of the circuit 
are greater than the kilovolt-amperes 
and current at the same terminal in case 
of short circuit at the far end. 

The very wide range of power-factor 
angles 6 and the lack of discrimination 
between magnitude of load and fault 
current previously discussed make over¬ 
current, directional, and volt-ampere 
relay elements unsuitable for the phase- 
to-phase protection of long lines when 
used alone, in combination with each 
other, or in combination with impedance- 
magnitude elements. This is likewise 
true for any tie circuit whether long or 
short, if the impedance of the tie is large 
compared with that of the systems. In 
other words, it is true in any case where 
the synchronizing power required to hold 
systems in step causes large angular 
separation (5„) between terminal bus 
voltages. 

Input-Impedance Magnitude and 

Angle 

It is most helpful and enlightening also 
to look at the general transmission circuit 
from the impedance viewpoint, which is 
probably better understood by communi¬ 
cation engineers than by most power engi¬ 
neers. The 60-cycle input impedances of 
uniform lines with a conductor size and 
spacing suitable for 154-kv operation are 
shown for all lengths from 0 to 800 miles 
in Figures 6 and 7. The three curves of 
Figure 6 give the magnitude of sending- 


Figure 4. Power circle diagram of the 154-kv 
interconnection for condition F, z = 154 kv 

end impedance with receiving-end open- 
circuited, loaded with surge impedance 
Z 0 =X // 'z/y, and short-circuited respec¬ 
tively. The three curves of Figure 7 simi¬ 
larly give the angles p— tan _1 (X/J7) of 
these same impedances. 

Study of Figure 6 reveals that im¬ 
pedance magnitude alone, or measure¬ 
ment of ohms, does not give a good basis 
for successful discrimination between 
open, load, and short-circuit conditions 
close to the far ends of radial-feeder cir¬ 
cuits having electrical length corre¬ 
sponding to more than about 200 miles 
of open-wire line. In contrast to this 
conclusion, study of Figure 7 shows that 
angle of the input impedance is radically 
different, depending upon far-end condi¬ 
tions. This suggests that measurement of 
circuit-impedance angle , p —tan (X/R ), 
should provide a basis upon which 
successful discrimination can be made 
between normal and fault conditions 
and upon which relays can be de¬ 
signed for long lines, possibly up to 600 
miles in length. A little further considera¬ 
tion, however, indicates that this basis 
may also have limitations. The deriva¬ 
tions of the impedance formula given in 
Appendixes II and III indicate that, for 
each point on the power circle diagram 
of Figure 3, there is a corresponding im¬ 
pedance magnitude and, further, that 
the impedance angle ^=-tan ~ l (X/R) is 
the conjugate of the power-factor angle 6. 
We have already discussed limitations 
of power-factor angle 6 as a relay quantity 
and, because of the conjugate relation, 
can infer that some of the same limitations 
might apply to the impedance angle p. 


Combinations of impedance magnitude, 
impedance angle p, and impedance com¬ 
ponents present possibilities as bases for 
relaying which must be explored For 
analysis of these, it is necessary, or at 
least very desirable, to have circuit char¬ 
acteristics and performance completely 
expressed in chart form on resistance and 
reactance co-ordinates. 7 

Construction and Interpretation of 
Impedance Circle Diagrams 

There are certain well-known advan¬ 
tages of impedance as a basis for relaying. 
It is independent of system voltage, and 
except in special cases, is independent of 
the number and location of generators in 
service, and is primarily dependent only 
upon circuit constants. Hence it was 
decided to study further the possible com¬ 
binations of impedance magnitude and 
angle to determine the performance which 
would be required of impedance and re¬ 
actance relay elements to protect properly 
the proposed circuit and to find what 
modifications, if any, would be necessary 
in conventional relay elements. 

In this attack on the problem, it was 
desirable to obtain general formulas for 
the sending- and receiving-end imped¬ 
ances in terms of the A BCD general cir¬ 
cuit constants and the sending and re¬ 
ceiving voltages. With this goal in mind, 
the following equations for near-end or 
sending-end impedance in terms of the 
circuit constants and voltages were 
used: 

(see Appendix I) (1) 
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(conj E e )-E s 


( 2 ) 


D-B 


D--(E r /E^‘ 


;/(A-/3)- 


BjErJEJ 

D--(E r /E s ) 


;/(■»-?) 


( 3 ) 


This was obtained by substituting 
equation 1 in equation 2 as is developed 
in Appendixes II and III. 

Similarly the following equations in 
terms of far-end or receiving quantities 
also are useful. 

E s -R r , R r 2 -A , - 

Pr= „ - A *r,-& -(4) 


z r = 
Z T = 


(conj E r )-E r 

Pr 

B<R S /Rr ) 
A*-{R s /R T y 


A -B 

A\E S /R r ) 


(5) 


( 6 ) 


This equation 6 is companion to equa¬ 
tion 3 and is derived by the same method 
as given in Appendixes II and III. 

Symbols appearing in the preceding 
equations and elsewhere in this paper are 
identified in Appendix VIII. 

From a relay standpoint, equation 3 is 
of first interest, because it defines the 
impedance of a protected circuit as 
“seen” by relays at the near-end terminal 
of that circuit. Equation 6 is also of 
interest but is of less immediate signifi¬ 
cance, because a diagram plotted from 
equation 3 gives similar results. 

Equation 3 when plotted on imped¬ 
ance co-ordinates is represented by a 
family of circles as in Figure 9. The 
mathematical relations between these 
circles and those of the power circle dia¬ 
grams, Figure 3, are developed in the 
appendixes. The derivation of the im¬ 
pedance, equation 3, shows that the 
center of each circle representing a given 
ratio of terminal voltages E r /E s lies on 
line 0-0 (Figure 9) passing through the 
origin (£ = 0, X=0) at an angle/(0- a) 
with the R-R axis. Five such circles are 
of particular interest in this discussion. 
These are the ones corresponding to two 
general and three special values of the 
ratio E r /E Si as follows: 


£ .-0* f >A =A §<D. and j5 r = 0 

-&S R s 

The first of these circles which should 
be examined is one in which the near-end 
or sending voltage R S =Q. I n this case 
ratio E r /E s = co m This corresponds to 
condition of short circuit at the location 
of the relays. Since impedance “seen” 
by the relays is Z s =0, the circle is a point 
which coincides with origin 0!. 



Figure 5. Swing curves of bus voltages and of 
equivalent internal voltages of generators dur¬ 
ing tripout and reclosure of interconnecting 
line 

The second circle falls in the general 
group defined by condition E r /E S >D. 
(Referring back to the power circle dia¬ 
gram Figure 3, it is found that this condi¬ 
tion defines power circles which enclose 
the origin.) By plotting one of this gen¬ 
eral group of circles, it is found that the 
center lies on the line 0-0 below the origin 
of the diagram, for example at 0 2 . One 
particular case in this group of circles 
is that for which £, = £ s . In this case, 
the distance from the center 0 2 to the 
origin of the diagram is (D-B)/(D 2 — 1) 
and the radius is B/(D 2 — 1). 

The third circle of interest is the special 
case in which E r /E S =D . In this case 
(reference to the power circle diagram, 
Figure 3, reveals that the corresponding- 
power circle passes through the origin of 
the diagram indicating one point of zero 



Figure 6. Magnitude of 60-cycle input im¬ 
pedance of a line suitable for 154-kv operation 
as a function of length and far-end terminal 
load 


power), the circle has diameter of oo 
and radius of oo and is therefore a straight 
line. This straight line is perpendicular 
to the line of centers 0-0 and intercepts 
it at distance B/2D above the origin. 
However, this location cannot be found 
from equation 3 but must be found as 
explained in a later paragraph. 

The fourth circle is one in the general 
group defined by the condition E r /E S <D. 
(Again referring back to the power circle 
diagram, Figure 3, it is seen that circles 
of this group lie entirely to one side of the 
origin of the diagram.) This fourth 
circle has finite radius and its center is 
located on the line of centers 0-0 above 
the origin, for example, at 0 4 . 

The fifth of these circles is the case 
where E r —0 , corresponding to short cir¬ 
cuit at the far end of the line. This circle 
has no radius and is therefore a point. 
Its location is on the line of centers 0-0 at 
distance B/D upward from the origin at 
O 5 . For convenience this point may be 
called the far end of the circuit, and the 
origin 0i can likewise be called the nearend. 

I11 plotting these circles, the intersec¬ 
tion of each with the line of centers 0 <» 
on the side nearest to the origin () A is of 
greatest importance. v Since these inter¬ 
sections are obtained from the impedance 
equation 3 as the difference between two 
quantities which may each be quite large, 
infinite in one case, it is often desirable 
to locate these intersections by other more 
accurate means and then to make the 
circles pass through these points by slight 
adjustments in location of the correspond¬ 
ing center or radius if necessary. 

Referring back to the power circle 
diagram, Figure 3, the corresponding 
point in that diagram is located at M 
where power circle P s crosses the line of 
centers 0-0 ' extended. The power P s 
at that point has scalar value equal to the 
mm of the radius, and the distance from 
the origin to the center 0-0■' which sum is 
I Es l m~(E s 2 'D)/B J rE s E r /B. The imped¬ 
ance corresponding to \P a \ m is therefore 
£« 2 /|-Pjm. a numerical substitution of 
values corresponding to either actual or 
per-unit voltages permits easy calcula¬ 
tion of this impedance which is then used 
to locate the intersection in question on 
the impedance circle diagram, Figure 9. 

It should be noted that all such inter¬ 
sections fall between the points 0 X and () B . 

As indicated in the appendixes, the 
authors have found no satisfactory way 
of relating the angle 0 appearing in the 
impedance equation 3 to the angle 6„ 
between sending- and receiving-end volt¬ 
ages. To date, the impedance circle 
diagrams similar to Figure 9 used in their 
calculations have all had these points 
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Figure 7. Angle of 60-cycle input impedance 
of a line suitable for 1 54-kv operation as a 
function of length and far-end terminal load 


representing various values of 8 rs indi¬ 
vidually computed and located by the 
following method. 

The impedance angle ^ = ta n~ l (X/R) 
appearing on the impedance circle dia¬ 
gram, Figure 5, is the conjugate of the 
corresponding power-factor angle 6 ap¬ 
pearing on the power circle diagram. 
These angles 6 arc measured for each of 
several desired values of 8 rii on appropriate 
power circles of diagrams similar to 
Figure 3 and transferred to the corre¬ 
sponding impedance circle diagrams by 
locating the intersections of lines Z H 
extending from the origin at the conjugate 
angles i/' and the corresponding impedance 
circles as in Figure 9. 

Locus of Impedance During System 
Disturbance 

If the impedance circle diagram, Figure 
9, is used, it is quite enlightening to follow 
the dynamic behavior of an interconnec¬ 
tion during a power swing as it is repre¬ 
sented by the swing curves of Figure 5. 
Prior to system disturbance, the angle 
8,s is relatively small, as can be deter¬ 
mined from load and terminal voltages by 
referring to the appropriate power circle 
diagram similar to Figure 4. Assume for 
the moment that the direction of the 
power flow is from the bus to the inter¬ 
connecting circuit at the location of re¬ 
lays. For purposes of this discussion, we 
may assume the impedance “seen” by the 
relays to be at A on Figure 9. Upon' 
occurrence of a short circuit on the inter¬ 
connecting circuit close to the far end, 
the impedance instantly assumes a value 
closely corresponding to E r /E s = 0. This 
may be assumed as being at B. 

If relay and breaker action is correct, 
both ends of the interconnecting circuit 
are immediately tripped out, and the 
systems begin to drift apart as indicated 


in the swing curve, Figure 5. By the time 
the interconnection has been reclosed at 
both ends, terminal voltages will have 
drifted apart by several degrees so that 
the impedance “seen” by relays has 
moved around the impedance circle from 
original position A toward the line of 
centers 0-0 and now occupies position C, 
possibly on another circle representing a 
different ratio E r /E s . Further swing in¬ 
creases the angle 5 rs until the respective 
accelerations of the two systems have 
been overcome and 8 rs has reached 
maximum value. 

As has been pointed out earlier in this 
paper, the angle (8 rs max) may exceed 
90 degrees, and the resulting impedances 
may fall in the general vicinity of D. 
Recovery of the system toward normal 
voltages and angles causes the impedance 
to retrace path D, C, A and oscillate about 
the original angle and impedance values 
at A until the systems Anally resume their 
original relation. 

A similar step-by-step analysis of be¬ 
havior based upon the opposite flow of 
power, that is from circuit to bus , is rep¬ 
resented by a similar group of points, 
E, B, F, G, and E, on the left-hand side 
of the diagram. 

Impedance Referred to Far End of a 

Nonuniform Circuit 

Figure 9, which is the plot of equation 
3, has been used in the preceding dis¬ 
cussion of conditions as “seen” when 
“looking into” the circuit from the near 
end or so-called, but somewhat misnamed, 
“sending end.” To complete the study, 
it is necessary to investigate at the same 
time what takes place at the far end or 
receiving end of the circuit. Figure 10 
is the plot of equation (3, which presents 
the same information in terms of far-end 
or receiving quantities. In comparing 
these two Figures 9 and 10, the first thing 
which attracts attention is the fact that 
the diagrams are similar in construction 
except for 180-degree rotation with re¬ 
spect to the axis of the diagram. The 
rotation corresponds to the change in 
viewpoint required to “see” the circuit 
from the opposite end. The dimensions 
of these two diagrams difler from each 
other only for nonuniform circuits in 
which D < A is not equal to A < a. For 
uniform symmetrical lines, or for such 
lines terminated in transformer banks 
having identical electrical characteristics, 
it would be sufficient to use Figure 9 for 
far-end or receiving conditions by making 
the following changes: 

(a) . Rotate the diagram 180 degrees. 

( b ) Reverse the resistance scales, R for 
— R and vice versa. 


(c) . Reverse the reactance scales, X for 
— X and vice versa. 

(d) . Substitute reciprocal values for the 
ratios E r /E s , 

( e ) . Substitute conjugate values for the 
angles that is, in place of S r5 = 45 degrees 
substitute 5 rs = 315 degrees, and so forth. 

Application of Impedance Circle 
Diagrams to Long-Line Relaying 

The impedance circle diagrams, Figures 
9 and 10, can be combined on one chart 
to give a very complete picture of im¬ 
pedance conditions affecting simultaneous 
relay performance at the two ends of an 
interconnecting circuit in the following 
manner: 

1. Cut off each diagram along the straight 
lines representing the condition E r /E s — D 
in the near-end sending diagram, Figure 9, 
and the condition EJE T ~A in the far-end 
receiving diagram, Figure 10. 

2. Fit the two diagrams together along 
these two lines and match lines of centers 

o-o. 

The co-ordinates of the two diagrams 
are thus offset from each other both 
horizontally and vertically. 

Figure 11 is the result of such combina¬ 
tion for the Kansas-Nebraska 164-kv 
interconnection. Because transformers 
at the opposite ends of this line are not 
alike, the A and D constants of the cir¬ 
cuit are not equal. Consequently the 
co-ordinates are skewed slightly, and im¬ 
pedance values scaled across the bound¬ 
ary line L-L are not strictly accurate. 
In spite of these minor shortcomings, the 
combined diagrams furnish an excellent 
basis for relay studies. 
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Figure 8. Values of general circuit constants 
A, B, and C as a function of length for a line 
having the following constants; 

r —0.252 ohm per mile 
x = 0.803 ohm per mile 
b = 5,22X10 -6 mho permile 
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operation is it likely to be desirable or 
practical to have ratios E r /E s or E s /E r 
as low as these A and D values. There¬ 
fore it is not necessary to consider seri¬ 
ously impedance circles having centers in 
the areas which were cut off when these 
two diagrams were combined. On the 
combined impedance diagram, Figure 11, 
circles corresponding to E r /E s = 1.00=*= 
0.10, or a total range of 20 per cent in 
voltage ratio, are plotted to serve as ap¬ 
proximate boundary lines between which 
normal operation is expected. Distances 
along the lines of centers between points 
K and N are approximate measures of 
fault location, and the boundaries of trip 
and no-trip regions are added on this 
basis. 

This combined diagram not only 
shows the impedance “looking" into the 
interconnecting circuit from each end, 
but on it are also plotted limiting im¬ 
pedances which relays will “see" during 
open-circuit conditions, zero-power-trans¬ 
fer condition, and short-circuit conditions. 
-The lower part of this diagram shows the 
impedance looking into the Kansas ter¬ 
minal transformers toward Nebraska, 
and the origin K of the graph corresponds 
to a short circuit on the Kansas 132-kv 
bus. Similarly, the upper part of the 
diagram “looks" into the circuit from the 
Nebraska 66-kv bus, and short circuit on 
the Nebraska 66-kv bus falls on the origin 
N. This combined diagram is replotted 
in Figure 12. 


Analysis of the combined diagram 
shows that all solid phase-to-phase faults 
on the line or in the terminal transformers 
would establish impedances, as “seen" 
from the ends of the line, which would fall 
along the line of centers 0-0 between the 
origins or terminals N and K. If the fault 
is an arcing type such as one started by 
lightning, the fault impedance as “seen" 
from terminal K would fall in the shaded 
area 3 in Figure 12 to the right of the 
line K-N because of the arc resistance. 

Similarly, for the same arcing fault, the 
impedance “seen" from terminal N 
would fall in the shaded area IE to the 
left of the line K~N. 

Normal operating impedances corre¬ 
spond to the shaded areas A and A' for 
power flow from K to N and to the areas 
E and E' for power flow from N to K. 
The exact impedances in these general 
areas are determined by the ratio E r /E s 
and the angle 8 rs . Both of these factors 
can be determined for any load condition 
from the power circle diagrams of the 
circuit. 

During system disturbances, the im¬ 
pedances “seen" by the relays may move 
out of the normal operating areas A and 
A', or E and E', into the regions of maxi¬ 
mum synchronizing power D and Z)', or 
G and G' } as explained in a previous sec¬ 
tion “Locus of Impedance During System 
Disturbance." If the systems do not 
recover from the disturbance and thus fall 
out of step, this loss of synchronism is 


indicated by further movement of the 
impedance across the line N-K and 
through the areas corresponding to faults 
near the middle of the circuit. 

Impedance magnitudes at the high-load 
edge of areas A , AE, E' and in the areas 
of maximum synchronizing power are less 
than some impedance magnitudes in the 
fault areas B and El. 

This clearly requires that a closely 
drawn border line must be established 
between the power-swing area, from 
which the systems may be expected to 
recover, and the actual fault zone. To 
obtain the maximum usefulness of an 
interconnection, it is necessary for the 
relays controlling the circuit to dis¬ 
criminate accurately between trip and 
no-trip conditions along this 'border line. 
On interconnections of this nature, there 
is no harm in permitting tripping on the 
out-of-step swing into the fault area after 
all hope of maintaining synchronism is 
lost. In fact, tripping before the angle 
S rs first reaches 180 degrees rather than 
waiting through two or three cycles of 
slip to recognize the out-of-step condition 
is of utmost importance to prevent propa¬ 
gation of further system disturbances. 

Summary 

The characteristics of long lines and 
interconnections differ from those of short 
radial feeders and loops within close-knit 
networks and dictate special relaying 
treatment for these circuits. These 
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characteristics may be expressed in terms 
of impedance magnitude and angle on 
diagrams similar to Figure 9 and Figure 
11. If these impedance diagrams are used, 
it is possible to define completely and 
clearly the necessary relay requirements 
to protect and control a long power-trans¬ 
mission circuit or interconnection. 

Required Performance of Long-Line 
Relays 

Expressed in the language of these 
diagrams, relays for long power-trans¬ 
mission lines or for loose-linked inter¬ 
connections should: 

1- Close their trip-circuit contacts instan¬ 
taneously at both terminals for all im¬ 
pedance values occurring between terminals 
N and K in areas B and H of Figure 12 
caused by either power swings or faults. 

2.. Not trip at any time for values of cir¬ 
cuit impedance corresponding to high-power 
swings or high kilovolt-ampere transfers in 
the areas A, A', D, D r , or E, E', G, G'. 

3. Provide time-delay backup tripping for 
faults in areas B and H which are beyond 
the far end of the circuit. 

4. Prevent immediate tripping of terminal 
breakers, for faults in the systems external 


to the protected circuit, by means of carrier- 
current blocking principles. There should 
be no objection to such tripping after proper 
time delay. 

5. Provide instantaneous tripping of ter¬ 
minal breakers for ground faults on the pro¬ 
tected circuit by means of carrier-current- 
controlled directional ground relays. 

6. Provide time-delay backup protection 
independent of carrier-current control for 
all ground faults. 

Limitations of Long-Line Protective 
Relays 

From a very brief study of lines longer 
than the 270-mile interconnection cited 
in this paper, it appears that these same 
principles of protective relaying can be 
applied to transmission lines of greater 
length without intermediate switching up 
to any limit at which synchronism can be 
maintained between constant voltage 
systems. This limitation is imposed by 
the fact that the input-impedance angles 
tan _1 X /R for such long lines approach 
the characteristic impedance angle which 
is small. 

In considering the field of unusually 
long-distance transmission of power, it 
appears that but little consideration has 


yet been given to methods of protecting 
the lines to differentiate between faults 
and power swings. It is hoped that this 
analysis of relay performance require¬ 
ments will stimulate thought and dis¬ 
cussion on this complex subject. 


/appendix I. rower-C.ircle-L>ia- 
gram Equations 1 and 4 

The general ABCD equations for a circuit 
are 

E s = AE r +BI r (7) 

I S =C E T +D I r (8) 

From equation 7, I T = (EJB) - (A - E r /B.) 
Substituting this into equation 8, we have 


/ S = C E r + D 


‘ErA 
B B ~ 
_ AD\ 


: +*r C 


Since A D — B C— 1 
r D-E a E r 



Figure 11 (left). 
Combined sending- 
end and receiving- 
end impedance cir¬ 
cle diagrams for 
Kansas-Nebra ska 
154-kv interconnec¬ 
tion including trans¬ 
formers at both ends 

Figure 12 (below). 
Same as Figure 11 
but showing areas of 
fault BH, swing 
DD 1 and GG', and 
normal operation 


Using equation 10 and substituting for /, in 
- x/3 (conj E s yi a =*PdbjQ 
P _( co n j E»)'D'E 9 (conj E s ) ■ E r 


If d n represents the variable angle between 
terminal bus voltages, this equation may be 
expressed as follows (writing the circuit 
constants in polar form): 


e^-d/a 

Ps ~ Hi 


E m • E r /bj# 

—Bj]r 


(D 


or 




7(«,«+>) a) 
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Similarly, solving for E r and / r from equa¬ 
tions 7 and 8, equation 4 for receiving power 
may be obtained. 

Hr.-n-^r/TTj 


B 


(4) 


In equations 7, 8, 9, and 10, voltages, cur¬ 
rents, and circuit constants are on phase-to- 
neutral basis. In equations 11, 1, and 4 
power is total three-phase power with volt¬ 
ages on a phase-to-phase basis, currents are 
phase currents, and circuit constants are 
on phase-to-neutral basis. 

Appendix II. Basic Impedance 
Circle Diagram Equation 

Iii order to derive equations 3 and 6, the 
following review is presented covering the 
method of inverting a complex quantity of 
the form: 

K* = if/a— b/{8 — j3) (see reference 8) (12) 

This equation is an admittance form which 
can be converted to the impedance form 
using graphical resolution and some arti¬ 
fices. 

A plot of admittance, equation 12, is 
shown in Figure 13. a / a. locates the center 
of the circle, and b/(8 — 0) is the rotating 
vector with variable angle 8. Principal 
points in this figure are labelled 1, 2, and 3. 

If the reciprocals of points on this circle 
are taken and plotted on a convenient scale, 
another circle will result as shown in Figure 
14, which is the locus of the end of the 
impedance vector Z s (the reciprocal of FJ, 
and points on it are conjugate impedance 
values from Figure 13. An equation may 
be derived for Figure 14 by first comparing 
points along the complex quantity passing 
through the center of the circle with cor¬ 
responding points in Figure 13. If Y ol is 
the distance from the origin to point 1, then, 
if the values from equation 12 for the 
distance to the center of the circle and 
radius of circle are used, Y 0 i =a~b and 
1 us — tt-r/t. 

The corresponding points in the im¬ 
pedance diagram Figure 14 are 

*„= 1 , z,=-L 

Diameter of impedance circle in Figure 14 is 

Z^Z 1 _ 1 2b 

a-b a +b~~a 2 -b 2 

ami radius is 




diameter Z» x —Z n > 


a~-b- 


° f the com P lex ^antity 
Y s ,hC Center of the impedance circle 

4-(radius, | ^ _ a 

a+b a-—b- a 2 —b 2 

£' and d h COniPariSOn * he angIes 


It is interesting to note how the preceding 
equation 13 is related to the admittance 
equation 12. The constants a and b are 
now divided by (a 2 — b 2 ). Also the con¬ 
jugate of and /(S — fi) are the angles 
of the fixed quantity and radius of the circle 
respectively. But angle 8 is not the same as 
4> as discussed later in the following ap¬ 
pendix. 


Appendix III. Equation 3 

The derivation of this impedance equa¬ 
tion is based on the following fundamental 
equations: 


^ a — 
Z*/ 
a* «- 


a 2 —&2‘ 


/0-/5) 


(13) 
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z s = 


p s = 


(conj E s ) -E S ^E S 2 


P 

E 2 *D 

B 


( 2 ) 


: /(A-ff)-^-gr/(5„+ff) (i) 


B 


Equation 2 shows the relation between 
the three-phase power in any part of a cir¬ 
cuit, the phase-to-phase voltage of that part 
of the circuit, and the phase-to-neutral 
impedance. Equation 1 is derived in Ap¬ 
pendix I. 

The reciprocal of equation 2 is the admit¬ 
tance form as follows: 


r = A 

Zs E s ~ 


(14) 


Substituting equation 1 into the preceding 
equation gives the following general equa¬ 
tion: 


Z. 
E 2 -D 


B ^ jg /( 5 rs+/3) (15) 


on simplifying 

1 b g __ 

^ s ~ ~g ^/(drsH~ft) (16) 

Since this is an admittance equation, it is 
not wholly satisfactory for our purpose if 
we discuss impedance relays and their rela¬ 
tion to circuit impedance. This admittance 
form will, however, be very useful as will 
be shown later. By taking the reciprocal of 
this equation, as follows: 


Zo= — =- 
' y, D 


1 


, g 

A — r -/(i„ + g) (17) 

we get an equation for impedance in terms 
of circuit constants, circuit voltage angle, 
and ratio of receiving and sending voltages,’ 
ut it is not in a form for conveniently 
plotting. J 

By going through some algebra, equation 
D may be written in the following form: 

2 S — (^ ia i~j-^a) 4* fe sin S^-bi cos 8 rs ) 

l+kl 3 -2o,cos5 rs -2a 2 smS rs + 

^. (& 2ai - 5 I a,)+(& 1 S i n cos 

1 + \ A 1 2 -2ai cos S rs -2a- 2 sin S r , 

(18) 


which also is not conveniently usable be¬ 
cause of the large amount of arithmetical 
work required to plot the diagram repre¬ 
senting it. 

Instead of directly inverting equation 16„ 
inverting an admittance equation to an im¬ 
pedance form as in Appendix II simplifies, 
greatly the amount of work required and is 
a method commonly used. Admittance 
equation 16 was converted to the following 
impedance equation in this way: 


Z, ~- 


D-B 


D 2 


-(f) 


:/(A - /3) - 


\fJ 

-(ir 


/(<t>~0 ) (3> 


This equation for impedance includes the 
general circuit constants, angles of these con¬ 
stants, ratio of the' receiving and sending, 
voltages, and the angle </>. The diagram for 
this equation is Figure 9 discussed in the 
text of the paper. 

Again referring to equation 16, if E s = E rt . 
then this equation Lakes the following simple- 
form: 

Ys = f/tA-ff) - 1 /I«7+ 0) (is) 

which is the sending-end power, equation l„ 
with the sending and receiving voltages 
equal to one volt. Thus the admittance is 
expressed in terms of the circuit constants 
and circuit angle, and it does not include l he- 
load impedance. On analyzing this equa¬ 
tion, we find it is a circle with the center at 
D/B /(A— (3) and a radius of 1/71 The 
angle 8 r< is the same as the circuit voltage 
angle in the preceding power equation 1. 
This operation shows that the admittance 
value of a network or transmission line may 
be obtained from the sending-eud power 
circle diagram for conditions where E r equals 
E h by simply dividing the power and reac¬ 
tive values by E 8 2 . The reciprocal of this, 
of course, gives the impedance. It is inter¬ 
esting to note that Y s is not a function of the 
magnitude of the line voltage, but only of the 
ratio of the sending and receiving voltages. 
Thus for a given transmission line, equation 
19 gives the sending-end admittance, re¬ 
gardless of the magnitude of the line voltage. 

In reference to equation 3, if E r equal E Sr 
then the following simple equation for im¬ 
pedance results: 




’/AtrJt) ( 2 °) 


As mentioned in the text of this paper, 
the angle 0 m equations 3 and 20 is not the 
same as the angle 8 ra in power equations 1 
and 4. They are related for the particular 
problem studied by* a curve similar to the 
Figure 15 for which a simple equation has 
not been found. 


Appendix IV. Equation 6 

In a manner similar to that in Appendix 
III, an equation for receiving-end impedance 


FmSMf “' UacGr ‘i"' George Relay Performance Electrical Ekcineeriho 




Figure 1 3. Admittance circle— Y s 



Figure 14. Impedance circle— Z s 
derived from Figure 1 3 



0° ISO* 360° 


Bps 

Figure 15. Varia¬ 
tion of the angle (f> 
with respect to the 
angle 5 rs 


may be derived using the following funda¬ 
mental formula for impedance: 


^ (couj E r )-E t E r 2 
z. r — ~ = - - 

Pr Pr 


( 5 ) 


and the following equation for receiving-end 
power derived in Appendix I: 


Pr = 


E„,-E T , ES-A , - 

-- 5 — (4) 


we obtain the following equation for re¬ 
ceiving-end impedance: 



This equation may be plotted in the same 
manner used to plot equation 3 for sending- 
end impedance circle. Again if E r — E s , then 
the above reduces to 


Zr ~ a >- ( 21 ) 

Similarly to ecua ion 16 

= -£■/(/}-«) ( 22 ) 


Appendix V. Plotting Impedance 
Circle Diagrams 


admittance quantity obtained from equa¬ 
tion 16 after ratios of approximate system 
voltages and circuit constants had been 
substituted into it. 

Similarly equation 6 was plotted and de¬ 
gree points for were located by using 
equation 22 to find the admittance for a 
given value of 5 T(i . 

Appendix VI. General Circuit 
Constants 

General circuit constants used in the im¬ 
pedance, admittance, and power equations 
for the Kansas—Nebraska 154-kv intercon¬ 
nection including transformers are 

A = A/a = ai+jb a = 0.824/3.25° 

B = S//3 = b i +jb« = 282 /77.3 ° ohms 

C= C/c = ci +jft = 1,337 X IQ-' /flO.O 0 mhos 

D = D/A = d, +jd-2 =0.7f)9/3.5f i_° 


Appendix VII. Auxiliary Formulas 

Using the general ABCD circuit equations 
7 and 8 , Appendix I, auxiliary formulas were 
derived for calculating limiting circuit im- 
pedances. 

Sending-end impedance as function of 
load impedance is 

^ A-Z r +B 

< 23) 

Assume short circuit at R end; that is, 
£r = 0 , then 


Impedance circle diagram in Figure 9 was 
plotted by first calculating the vector which 
locates the center of the circles and the 
radii of the circles, using the following equa¬ 
tion for impedance: 



Since the angle <j> does not bear a simple 
relation to 8 rSt the degree points on the dia¬ 
grams corresponding to values of 8 rs were 
obtained by taking the reciprocal of the 


„ B 


Z s =- 

(24) 

with the circuit 
Ir — 0 , then 

open at R end, that is, 

„ A 


z =c 

(25) 


The same general equations 7 and 8 and 
same reference angles being used, the re¬ 
ceiving impedance Z T in terms of the send¬ 
ing impedance Z s is 

^ D Z S ~B 

i ( 26 ) 

Assume short circuit at S end; that is 
^ = 0 , then 



With S end open; that is I s — 0, then 


Z r = 


D 

C 


(28) 


Appendix VIII. Nomenclature 


—Equivalent or apparent phase-to-neu¬ 
tral impedance in ohms looking into the 
sending end assumed for purpose of 
establishing a convention for signs and 
reference angles during calculations. 

Z r —Equivalent or apparent phasc-to-neu- 
tral impedance in ohms at receiving end. 

Z Impedance expressed in vector form. 

Y s , Yr —Equivalent or apparent phase-to- 
neutral admittances in mhos. 


^—Tan -1 —of 
K 


impedance Z. 


c l> The angle of the variable in equations H 
and 0 . 

&rs Angle in degrees by which the sending- 
end voltage leads the receiving voltage. 

A, B, C , D —General circuit constants ex¬ 
pressed in vector form. 

A—Sending-end power expressed as a vec¬ 
tor = P„ *=jQ a - |_ 0 . 

P r —Receiving-end power expressed as a 
vector = P r =fc jQ r =P r [_ J. 

O—Power-factor angle of sending or re¬ 
ceiving power. 

•E.v Phasc-to-phase volts at sending end. 
Phase-to-neutral volts in equations 7, 8 , 
9, and 10. 

Tv Phase-Lo-phasc volts at receiving end. 
Phase-to-neutral volts in equations 7 , 8 . 
9, and 10 . 

Es, E r —Veclor forms of E iS and E r , re¬ 
spectively 

(conj E K ) t (conj E r )— -Conjugate vector 
forms of E s and E r , respectively, that is, 
with angular rotation measured in op¬ 
posite direction from reference line com¬ 
pared to direction of measurement for 
E s and E r . 

(coni FV).F = 7^.2 
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Measurements Pertaining to the Co-ordi¬ 
nation of Radio Reception With Power 
Apparatus and Systems 

C. M. FOUST C. W. FRICK 


MEMBER A1EE ASSOCIATE AIEE 


I. Introduction 

E XPERIENCE has shown that electric- 
power apparatus and circuits may, 
under certain circumstances, influence 
radio reception. Groups* representing 
electric-apparatus manufacturers, power 
companies, radio-apparatus manufac¬ 
turers and service have been co-operating 
for several years on the control of this in¬ 
fluence. Reports by these groups have 
summarized progress as this work pro¬ 
ceeded. Standard measurement equip¬ 
ments and methods have been established. 
Papers have been presented also covering 
various aspects of the general problem. 
This paper gives the results of practical 
experience with standard equipments and 
methods for the measurement of radio 
influence factors. The various elements 
in the chain between measured character¬ 
istics of the power apparatus and the 
noise measured in the radio set are 
analyzed. Quantitative values for the 
various factors involved in average cases 
are given. 


gether co-operatively to understand the 
problems involved and by joint effort to 
arrive at the most satisfactory over-all 
solution. 

II. General Situation 

The general scope of the co-ordination 
problem ranges widely through many 
branches of the power and radio fields, 
and accordingly a comprehensive plan of 
attack might appear difficult. However, 
the general situation has naturally divided 
itself into four parts, each one of which 
falls automatically into the hands of a 
technical group whose regular interests 
prompt ready response to the attendant 
problems. 

These divisions are as follows: 

1. Power circuit generation, transmission 
and distribution and power equipment, in¬ 
cluding utilities, industrial and domestic 
classifications. These constitute the genera¬ 
ting sources of the influence phenomena and 
the circuits which transmit them to points 
of exposure to the radio circuits. 


Problems attendant to interference con¬ 
trol by general consent are approached 
with the attitude that we must have the 
services of both power and radio and that 
each must adjust itself to live with the 
other on the practical basis of general use¬ 
fulness and reasonable economy. Power 
service groups have made progress in con¬ 
trolling interference phenomena in their 
circuits. In the radio field improved re¬ 
ception has been realized. Each group 
is continuing its endeavors to improve its 
own facilities. They are also working to- 
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ciation and Radio Manufacturers Association; 
National Electrical Manufacturers Association com¬ 
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2. The radio receivers and circuits which 
may be susceptible to the influence of the 
power apparatus. 

3. Magnetic or electrostatic coupling be¬ 
tween power circuits of 1 and radio circuits 
of 2. 

4. Measuring instruments which are suit¬ 
able for the quantitative evaluation of cur¬ 
rents and voltages associated with inter¬ 
ference or interference conditions. 

# The technical problems of the first di¬ 
vision fall naturally to the electric-power 
group; those of the second to the radio 
group; those of the third to co-operative 
effort between the power and radio groups, 
and the fourth or instrument division to 
instrument technicians of both groups. 

III. The Immediate Problem 

Within this situation, as already out¬ 
lined, the immediate practical problem of 
increasing control and reducing interfer¬ 
ence is that of recognizing the factors in¬ 
volved, determining their significant rela¬ 
tions and evaluating them quantitatively. 
Experience seems to indicate that the 
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general problem is concerned with the 
following factors and particular problems: 

1. The design, construction, and calibra¬ 
tion of instruments suitable for the measure¬ 
ment of the electrical characteristics of 
radio-influence phenomena. 

2. The measurement of radio-influence 
characteristics of power apparatus of all 
types to indicate the relative influence possi¬ 
bilities when placed in service. 

3. The measurement of radio-influence 
voltage on power lines to establish a rela¬ 
tion between the value existing on the line 
and the measured characteristics of the 
apparatus connected to it as found in 
item 2. 

4. The measurement of radio-influence 
voltage under the power line to establish the 
relation between the radio-influence volt¬ 
age at some standard position adjacent to 
the line but not connected to it and the 
radio-influence voltage on the line as 
measured in item 3. 

o. The measurement of radio-noise voltage 
on the receiver antenna to determine the 
relation between its value and the radio¬ 
influence voltage measured at the standard 
position under the power line in item 4. 

6. The measurement of the susceptibility 
of the radio receivers and antennas to ex¬ 
traneous influences. 

7. The determination of limiting values for 
the ratio of signal to noise for good reception. 

8* The determination of limiting program 
signal strengths on which to base a criterion 
of good reception. 

9. The design of suitable equipment or ar¬ 
rangements for the reduction of radio-noise 
phenomena where prevailing levels are 
above those consistent with good reception. 

This paper will take up these factors 
and problems and endeavor to present 
pertinent data and show the present 
status of each. 

IV. Radio-Noise Meters and 
Calibrations 


Satisfactory instruments for the meas¬ 
urement of radio-interference phenomena 
have certain unusual requirements: 

1. They must measure a standardized 
quantity significant to the noise output of 
broadcast receivers. * 

2. They must be extremely sensitive. 
Voltages as low as a few microvolts (mil¬ 
lionths of a volt) must be measured. 

3. They must cover a wide range of wave 
shapes and equivalent frequencies. Radio¬ 
interference phenomena vary from single¬ 
polarity impulses or damped oscillations of 
widely different recurrent times to continu¬ 
ous waves of constant frequency. Ampli¬ 
tudes also vary quite irregularly. 

Progress in instrument design and in 
methods of operation have been made, and 
these developments have been reported 
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as fast as experience justified. 1_G For 
some time now, two makes of radio-noise 
meters have been available commercially, 
and considerable experience has accumu¬ 
lated as to their operational performance. 
To summarize this experience briefly, 
some results on sine-wave calibration, 
square-wave calibration, and noise tests 
on several devices are reported here. 

As regards instrument calibrations, 
both instruments are supplied with a 
self-contained calibrating signal source 
which utilizes the electron shot noise of a 
saturated diode as the calibrating voltage. 
Operating instructions on calibration call 
for the following: 

1. Tune the noise meter to the desired 
frequency. 

2. Adjust the calibration circuit to the 
reference point on the noise-meter scale. 

3. Adjust the noise-meter amplification 
until the meter reads the scale value on the 
calibration curve for the frequency se¬ 
lected. 

This calibration procedure has been 
followed closely, and, in addition, at fre¬ 
quent intervals and before each set of 
important noise measurements, a check 
calibration against a signal generator has 
been made, following the settings called 
for on the internal calibrator. Many of 
these complete calibrations have been on 
both instruments, and rather complete 
data are, therefore, now available. The 
general trend of these data is represented 
by the specimen curves of Figure 1. 
These were all made at TOGO kilocycles. 

These data show that the accuracy pro¬ 
vided by the use of the internal calibrator 
alone as recommended will be within ±20 
per cent for the microvolt range of 10 to 
300. For the higher range 100 to 100,000 
microvolts, the deviation occasionally 
goes above ±50 per cent, particularly at 
the upper end of the measurement range. 
For any one instrument calibration a 
high or low trend persisting throughout 
the measurement range is quite evident. 
This trend results in lower accuracy for 
the higher magnitudes of microvolt levels. 

Table I. Comparison of Noise Meters on 
Square Waves 


Square-Wave 

Reference 

Setting 

Noise-Meter 

Measurements 

Per Cent 

Type A 

Type B 

- Deviation 
Based on B 

0.14. 

.. . 58. . . , 

,... 45... 

.+29 

0.22. 

..105_ 

. ... 75... 


0.38. 

. .210_ 

. ...150... 

.+40 

0.52. 

..310.... 

. ...220... 

.+41 

0.65. 

..370_ 

...290... 


0.78. 

..480_ 

...350... 

.+37 

0.90. 

..580_ 

..,410.,. 

.+41 

1.05. 

..670_ 

...500. . ., 

.+34 



Average +37 


Each instrument has a tendency to read 
high or low on an average basis, and each 
one may vary from one calibration to 
another. This calibration experience is 
presented as representative of that ob¬ 
tained in a laboratory where operators are 
familiar technically with the details of 
such measurements. 

If greater accuracy is desired, the radio¬ 
noise meter may be used by connecting it 
to the circuit in which the noise is to be 



6-18-41 


1000 I0 ; 000 

MICROVOLTS 


100,000 


(a). Tests of 8-28-40 <and 6-18-41 



(b). Tests of 3-30-42, 4-24-42, and 

5-11-42 


Figure 1. Radio-noise-meter calibrations 


Solid lines all apply to an instrument of one 
make. Dotted lines all apply to an instrument 
of another make 


measured and noting the reading. It is 
then connected to the signal generator 
and the output adjusted until the same 
reading is obtained on the radio-noise 
meter. The output of the signal generator 
then gives the radio-influence voltage in 
microvolts. Such a method of measure¬ 
ment is slower but results in accuracies 
within eight per cent. 

The preceding comparison has been 
made on the basis of a sine wave of radio 
frequency produced by a signal generator. 
As the radio-influence voltage measured 
on electric apparatus is not usually sinu¬ 
soidal in character but may consist of a 
very irregular frequency spectrum, it is 
desirable to have some idea of the be¬ 
havior of the instruments on other types 
of waves. Since square-wave signal gen¬ 
erators are available, it was decided to 
compare the performance of the radio¬ 
noise meters on this type of wave. An 
interesting specimen measurement 
wherein the two noise-meter types were 


compared for response is summarized in 
Table I. 

These measurements were made with 
the two meters connected in parallel on 
the square-wave generator following cali¬ 
brations of each instrument on a sine- 
wave signal generator at 1,000 kilocycles. 
A definite difference between the two 
instruments is indicated by these data 
over a wide range of voltage magnitudes. 
Type A reads on an average 37 per cent 
higher than type B. The obvious con¬ 
clusion is that setting on the internal cali¬ 
brator supplemented by sine-wave cali¬ 
bration may nevertheless result in con¬ 
siderable differences in readings for two 
instruments on different wave shapes. In 
view of the wide range of wave shapes and 
equivalent frequencies common to radio¬ 
noise phenomena, this circumstance shows 
a definite need for further work to reduce 
these differences. 

As regards comparisons between the 
two types of meters on measurement of 
radio-influence voltage of power appa¬ 
ratus, both high and low voltage, data of 
Table II are interesting. These compara¬ 
tive tests were made following a sine- 
wave calibration on the signal generator. 
Measurements were made in each ’case 
with the two instruments connected in 
parallel. 

As these data are backed up by sine- 
wave calibrations and were obtained with 
the two types of instruments connected 
in parallel and measured at the same time, 
they show directly a rather widely differ¬ 
ent instrument response. This difference 
in per cent ranges up to 35 per cent and 
persists over a wide range of noise-voltage 
magnitudes without any evident trend 
as to magnitude. 

Both types of instruments used in these 
tests are arranged by their designers to be 


Tabic II. Comparison of Noise Meters on 
Power Apparatus 




Radio- 

a 



Influence 



<u 

ba ^ 

Voltage 

(Microvolts) 

se 

P H -g 

tJ Pl CD 

o 

3 8 

Jh m 

Instruments 

O u s 
> o 

'S u s 

<J PQ 

<U 4) 

g°a 
wg g 

OJ 

H 

ns O r~1 

g* P 

>* ►» 

Uc W tn 

« rt S 

p n w 


1 (10 . . 480. . 450. . + 7.0 

Insulator. J 16 .. 2,600.. 2,600.. 0 

) 22 . . 4,200. . 4,900. . -14.0 

I 28 . . 5,200.. 6,000. . -13,0 

2 ( 10 . . 2,100. . 1,900. . + 10.0 

Insulator. ) 16 . . 7,900., 8,200..- 3.0 

)22 . .13,000. .16,000. . -19.0 
f 28 . .20,000. ,23,000. .-13.0 

3 

Small gap. 14 . .23,000.. 17,000. . -(-35.0 


4 0.115.. 290.. 250..+10.0 

1st small motor. . .0.115. . 1 , 600 .. 1,200..+33.0 

A 5 0.115.. 1,300.. 1,600.. -19.0 

2nd small motor. . .0.115. . 1,900.. 1,750..+ 8.0 
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A B C 

Figure 2. Summary charts of radio-influence 
voltage data on high-voltage apparatus 

For 1/201- to 15,000-volt range each vertical 
line or dot represents five tests. For all other 
ranges each vertical line or dot represents 
one test 

/—New apparatus 

B In service without complaints of radio noise 
C Removed because of radio noise and com¬ 
plaints 

in general accord with the specifications. 5 
Some investigational work has been di¬ 
rected toward the evaluation of instru¬ 
ment characteristics, such as detector- 
circuit time constants, to ascertain how 
variations in these might contribute to¬ 
ward measurement differences. To date 
this has not resulted in improved measure¬ 
ment accuracies. 

Consideration of the calibration prob¬ 
lem usually proceeds along the lines of 
specifying instrument-design details or 
specifying certain calibration waves. The 
present specifications cover only such 
over-all design features as seemed neces¬ 
sary to the duplication of radio-receiver 
characteristics pertinent to noise levels 
and the incorporation of good instrumenta¬ 
tion qualities. Specific details of circuits 
were not recommended and to the designer 
was left the freedom of selecting these and 

iTn!'? T" 1 When pr °S ress Permitted. 
This attitude insures a situation in which 
advances m design are stimulated 

are h!r e V r ° m ^ above data which 
tive b . e *'? Ved 7 be generally representa- 
’ 1113 ° bvious further specifics 


tions are necessary. In view of the indi¬ 
cated importance of wave shape, it is 
desirable that steps be taken toward the 
specification of calibrating waves of repre¬ 
sentative shape and equivalent frequency. 
This has been suggested by one of the 
authors, 7 and proposals along similar 
lines have been made by others. 

The sine wave now occupies an impor¬ 
tant place in calibration, is readily ob¬ 
tained, and should be retained. To it 
might be added a square wave of variable 
duration and frequency. The wave front 
should be the maximum obtainable on a 
practical technical and economic basis. 
This wave should be available in either 
polarities to ground. 

For investigational purposes in arriving 
at the necessary wave shapes, a high- 
frequency damped oscillation of constant 
decrement and variable frequency of oc¬ 
currence might be tried. The waves 
might be examined by recording means 
such as a cathode-ray oscillograph. Suit¬ 
able oscillographs of high-writing speed 
are now available. 8 ’ 9 

The use of recommended calibrating- 
wave shapes would provide for noise- 
meter calibration or check immediately at 
the place of noise measurement, or at 
least at one or more reference places. 

It seems possible that the circuits for 
such calibrating-wave shapes might be 
standardized in sufficient detail (even to 
the length of leads, and so forth), so that 
the wave shapes would be very closely 
alike. Thus a certain degree of stand¬ 
ardization could be accomplished as to 
wave shape while noise-meter design 
problems are left entirely in the hands of 
the instrument designers where they are 
handled most capably. 

To use the radio-noise meter for 
measurement of radio-influence character¬ 
istics of apparatus, it is necessary in order 
to get comparable results to standardize 
on setup for making tests. A general rec¬ 
ommendation for the making of such tests 
is given in National Electrical' Manu¬ 
facturers Association publication 107.4 
More specific test codes for particular 
types of apparatus are given in the NEMA 
publication for that type of apparatus. 

V. Relation of Radio-Influence 
Voltages of Apparatus to 
Radio-Receiver Noise 


Tabic 111. Limits of RacfFo-Influence Voltage 
for High-Voltage Apparatus 


Circuit 
Voltage 
Ratings 
(Range in 
Volts) 

Insulation Classes 
(Kilovolts) 

Limits of 
Radio- 
Influence 
Voltage 
(Micro¬ 
volts) 

1,201-1.5,000 . 

.1.2-2.5-5.0- 
15 

-7 5/8.7 ■ 

. . 1,000 

15,001-37,000 . 

.23/25-34.5 


. . 2,500 

37,001-73,000 . 

.46-69 


. . 5,000 

73,001-145,000. 

.92-115-138 


. , 10,000 
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Two methods have been used whereby 
the radio-influence voltage measured on 
power apparatus at the factory may be 
interpreted as having quantitative sig¬ 
nificance in terms of radio-receiver noise 
in an average case. In one we analyze the 
measurements made on new apparatus in 
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\a. No limits are included for equipment eir* 
cuit voltage ratings above 14/5.001) volts because of 
present lack of data above thin voltage class. 
lb. These values do not apply to insulators, as tin 
independent set of values has already been estab¬ 
lished for them by NEMA, or to motors and genera¬ 
tors or thermionic devices, such as rectifiers and 
inverters. 

If- For switchgear assemblies there are not suin¬ 
dent radio-influence voltage data on which to base 
a limit. 

Id. For transformers the limits are bused on 
insulation class only. 

2. The radio-influence voltage limits given in this 
table apply to new apparatus tested in the factory 
in accordance with the report of tile Joint Co¬ 
ordination Committee on Radio Reception of KKI, 
NEMA, and RMA, entitled "Methods of Measuring 
Radio Noise” (NEMA puhliouti on 107) 1 '.MO and 
the apparatus test codes and test voltages for each 
type of apparatus, as approved by NEMA. 

3. If apparatus of any given insulation class is 
used on a circuit of higher-circuit voltage rating, the 
radio-influence limit and the test voltage for the 
apparatus shall be that corresponding to its insula¬ 
tion class and not to the insulation class of the cir¬ 
cuit on which it is used. 

4. For special apparatus having more than one 
rating the radio-influence limit and test voltage 
corresponding to the highest rating shall apply, 

the factory and the experience in the 
field with this apparatus to arrive at a 
reasonable limit. In the other we con¬ 
sider all the factors given in items 2 
through 8 of section III of this paper to 
obtain values for the following: 

1. The radio-influence voltage measured 
on the apparatus under standardized condi¬ 
tions (apparatus RIV). 

2. The radio-influence voltage measured 
on a power line to which t his apparatus is 
connected (line RIV). 

3. The radio-influence voltage measured 
on or referred to a one-meter antenna at a 
standard position under this line (under 
line RIV). 

4. The radio-noise voltage measured on an 
antenna in proximity to this power line and 

RNV)^ 10 a one " meter antenn a (anterma 

5. The signal strength of the radio pro¬ 
gram being received. 

d et The si S nal to noise ratio in the receiving 

7. The susceptibility of Ule receiver ami 
antenna system. 

1. Radio-Influence Voltage ( RIV ) of 
Apparatus 

For several years we have been collect¬ 
ing measured radio-influence voltage- 
values on a wide range of types of power 
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Table IV. Comparison of Apparatus to 
On-Line Radio-Influence Voltages 



Measured 

Radio- 

Influence 

Measured Radio-Influence 
Voltage (On-Line) 

Test 

Volt¬ 

age 

Voltage 
on Ap¬ 
paratus - 

At Apparatus 

At End of Line 
(2 Miles) 

(Kilo¬ 

volts) 

(Micro¬ 

volts) 

Micro¬ 
volts Ratio 

Micro¬ 
volts Ratio 

20. . 

■ . .14,000. . 

.9,400_1.5. . 

• .2,600. . .5.4 


apparatus and circuit voltages. These 
have been classified in three groups, that 
is, new apparatus, apparatus in service 
with no complaints, and apparatus re¬ 
moved because of radio noise and radio¬ 
noise complaints. These data have been 
plotted on a summary chart classified 
into three voltage ranges, and this chart 
is shown in Figure 2. In the 1,201-15,000- 
volt range some 950 individual tests are 
summarized; in the 15,001-37,000-volt 
range, 130 tests, and in the 37,001-73,000- 
volt range, 94 tests. Radio-influence 
voltages ranging from a few microvolts 
to 100,000 and above are shown. 

From a study of such data it is possible 
to arrive at recommended levels for the 
limiting value of radio-influence voltage 
of apparatus. This has been done, and 
the recommended levels are shown on the 
curves and are also given in Table III. 
Such an approach to the question of limit¬ 
ing values is a direct one. It depends 
upon accumulating sufficient field experi¬ 
ence with apparatus to obtain statistical 
data on which a conclusion may be 
reached. As time goes on and more data 
are accumulated, these can be used to 
confirm the original conclusions or to sug¬ 
gest desirable modifications of them. 

Another approach to the problem be¬ 
gins with the values on apparatus and 
proceeds through the several steps already 
outlined, such as radio-influence voltage 
on the power line, under the line, and on 
the antenna, and signal strength and 
signal to noise ratio. This approach re¬ 
quires the establishment of representative 
values for each of these quantities and 
then combines them all together to arrive 
at an over-all ratio. The ratio can then 
be used to interpret radio-influence volt¬ 
age of apparatus in terms of the quality 
of radio reception. This method will now 
be outlined. 

2. Ratio of Apparatus RIV to 
■ On-Line RIV 

Having the RIV of a given piece of 
apparatus when measured with the stand¬ 
ard factory setup, we must be able to 
form an estimate of the resulting RIV 
when this apparatus is connected to a 


representative power line. The factory 
tests are made with 600 ohms across the 
apparatus, which resistance is intended to 
simulate line-surge impedance. How¬ 
ever, a wide range of impedance will al¬ 
ways be met with on power circuits. It 
is, therefore, necessary to resort to prac¬ 
tical measurements wherein factory tests 
are followed by connection of the appara¬ 
tus to line, and corresponding line radio¬ 
influence voltage measurements are taken. 
One such test is summarized in Table IV. 

This test made on a two-mile test line 
believed to be representative showed a 
ratio of 1.5 to 1 between apparatus RIV 
and on-line RIV. It also indicated an 
attenuation of 50 per cent radio-influence 
voltage per mile, which figure agrees 
closely with a series of tests made with 
sine waves on the same line. 

3. Ratio of On-Line RIV to 

Under-Line RIV 

Since in measurements in the field it is 
not possible to make measurements of the 
on-line RIV except in special cases, the 
common procedure has been to make 
measurements under the line. Such 
measurements of under-line RIV can be 
correlated with the on-line RIV by selec¬ 
tion of a suitable place under the line 
which can be used as a field-strength refer¬ 
ence point. The field-strength reference 
position which has been chosen as most 
significant and practical is one immedi¬ 
ately under the line and midway between 
the poles. The RIV measured on an an¬ 
tenna of one-meter effective height placed 
at this reference point is designated in 
this paper as the under-line RIV. Since 
this measurement is referred to a one- 
meter antenna, it gives the same nu¬ 
merical value as the field intensity of the 
noise phenomenon at the reference point 
which has been used by some investiga¬ 
tors. Corresponding measurements made 
on the line and under the line under speci¬ 
fied conditions will provide a ratio which 
can be used later to evaluate under-line 


Table V. Comparison of On-Line to Under- 
Line Radio-Influence Voltages 





Ratio 

Test Point 

On-Line 

Under-Line 

On Line 

Along the 

RIV 

RIV 


Line in Feet 

(Microvolts) 

(Microvolts) 

Line 

0. . 

. . .75,000. . 

... 950_ 

....79 

900. . 

. . . 58,000. . 

. . . 1,400. . . . 

.... 42 

1,400. . 

. - .53,000. . 

.. 1,040_ 

. . . .51 

5,400. . 

. . .28,000. . 

... 420_ 

....67 

8,500. . 

. . .24,000. . 

... 800_ 

....30 

10,000. . 

. . .16,500. . 

... 270 _ 

....01 

_ 


Average 55 


noise field strengths. To provide such a 
ratio, a series of measurements was made 
on the experimental line previously men¬ 
tioned using sine-wave line-voltage excita¬ 
tion at 1,000,000 cycles. This line aver¬ 
aged 28 feet in height and was terminated 
to ground through a surge impedance of 
600 ohms, and measurements were made 
at several points along the fine as indi¬ 
cated in Table V. 

The on-line to under-line ratios range 
from 30 to 79 with an average of 55. Two 
factors at least are known to have con¬ 
tributed to this variation. These were 
uncertainties of electrical contact on the 
conductor for the on-line measurements 
and variations in line height. The test 
results of Table V, however, represent an 
average field situation and may, therefore, 
be used to provide the quantitative ratio 
necessary to this particular step between 
apparatus RIV and radio-receiver noise. 

4. Ratio of Under-Line RIV to 
Antenna RNV 

Next in order, it is necessary to estab¬ 
lish a ratio between under-line and an¬ 
tenna voltages. If the antenna voltage is 
expressed in terms of a one-meter antenna, 
as previously described for the under-line 
measurement, such a significant ratio will 
result. A series of tests made in Canada 
by the radio division of the Department of 
Transport and directed by H. 0. Merri- 
man include a large number of field 


Figure 3. Under¬ 
line - to - ant nna 
radio - influence- 
voltage ratios 
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Table VI. Test Voltages for Radio-lnfluenc Voltage Measurements 


6. Signal-to-Noise Ratio 


I 

Circuit Voltage 
(Line-to Neutral/ 
Line-to-Line) 
(Volts) 

II 

Radio- 
Influence 
Test Voltage 
(Volts) 

HI 

ASA 

Transformer 

Insulation 

Class 

(Kv) 

Distribution Cutouts 

Lightning Arresters 

Switchgear 

VIII 

(Kv) 

IV 

Grounded 

(Kv) 

V 

Un¬ 

grounded 

(Kv) 

VI 

Grounded 

(Kv) 

VII 

Un¬ 

grounded 

(Kv) 

1,440/2,500 . 

. 1,580... 

.. 2.5_ 

.. 2.5 ... 

... 2.5... 

.. 3 .. 

. 3 ... 

.. 2.5* 

2,500/4,330 

. 2,750... 

.. 5.0.... 

.. 2.5*... 

... 5.0... 

.. 3*.. 

. 6 . .. 

.. 5.0 

2.880/5,000 

. 3,160... 

.. 5.0.... 

. . 5.0*.. . 

... 5.0... 

.. 6 .. 

. 6 . .. 

.. 5.0* 

4,160/7,200 

. 4,570... 

.. 8.7.... 

.. 7.5 ... 

... 7.5... 

.. 6 .. 

. 9 ... 

.. 7.5* 

5,000/8,660 

. 5,500... 

.. 8.7.... 

.. 7.5 ... 

..15.0... 

.. 6*.. 

. 9 . . . 

.. 15.0 

7,200/12.470 . 

. 7,960... 

.. 15.0_ 

.. 7.5*. . . 

:.15.0... 

.. 9*.. 

. 15 ... 

.. 15.0 

7,960/13,800 . 

. 8,760... 

.. 15.0_ 

..15.0 ... 

...15.0... 

.. 12*.. 

. 15 ... 

.. 15.0 

8,650/15,000 . . 

. 9,500... 

.. 15.0_ 

.15.0*... 

..15.0... 

.. 15*.. 

. 20 ... 

.. 15.0* 

13,300/23,000 .. 

. 14,600. . . 

.. 23.0. . . . 



.. 20 * :. 

25*. . . 

.. 23.0* 

19,990/34,500 . . 

. 21,900. . . 

.. 34.5_ 



.. 30*... 

37*... 

.. 34.5* 

26,500/46,000 .. 

. 29,300. . . 

.. 46.0. . . . 



.. 40*... 

50*... 

.. 46.0* 

39,500/69,000 .. 

. 43,900. . . 

.. 69.0.... 



.. 60*... 

73*... 

.. 69.0* 

53.000/92.000 . . 

. 58,500. . . 

.. 92.0. 



.. 78*... 

97 ... 

. .115.0 

66,500/115,000 . 

. 73,100. . . 

..115.0. 



.. 97 ... 

121 ... 

..115.0* 

80,000/138.000. . 

. 87,700... 

..138.0. 



..121*... 

145 ... 

..138.0* 

93.000/161,000. . 

.102,400. . . 

..161.0. 



..145*... 

169 ... 

..161.0* 

113.000/196,000.. 

.124,600. . . , 

..196.0. 



..169*... 

205*.. . 

. .230.0 

132,500/230,000.. 

.146,200. . . 

..230.0. 



..195*... 

242 ... 

..230.0* 

165,500/287,500.. 

.182,000. . . 

..287.5. 



..242*... 

302*. . . 

..287.5* 


* For the apparatus of columns IV through VIII an asterisk is placed on the line which gives the test volt¬ 
age (column II) for each apparatus rating. 

For transformers, test voltages shall be 110 per cent of the maximum rated line-to-neutral voltage but shall 
not exceed the maximum values (in column II) corresponding to the insulation class of the transformer of 


measurements bearing on this ratio. We 
are indebted to Mr. Merriman for permis¬ 
sion to use these results. Measurements 
were obtained on 35 antennas ranging in 
effective heights from 0.2 to 9 meters and 
located from 20 to 4,500 feet from power 
lines. Line voltages ranged from 10 to 
220 kv. It should be understood that the 
tests were conducted on outdoor antennas 
representing a selected group of installa¬ 
tions in which radio interference from 
power lines was reported to be particu¬ 
larly troublesome. Under-line-to-antenna 
voltage ratios derived from these measure¬ 
ments ranged from 0.25 to 50. The higher 
this ratio the lower the field from the 
power line picked up by the receiver an¬ 
tenna and the better the antenna system 
for good reception. These values are 
plotted on Figure 3 against percentage of 
antennas tested as ordinate. This ordi¬ 
nate percentage gives the proportion of 
receiver stations tested having higher 
under-line-to-antenna ratios than indi¬ 
cated by the corresponding abscissas. 


T.ble VII- Radio-Influence Voltage Limits o 
Plain Pin-Type Insulators 


«FCycle Dry 

Flashover Rating 
(Kv Rms) 

Limit of Radio- 
Influence Veltage 

(Microvolts) 

Up to and inc. 50 

61 to 79... 

80 to 109 


no to 124. . 

325 to 149.. 

150 to 200 “ “ 



Voltage Rating of Apparatus Normally Used 


Since this investigation was made mainly 
on “interference-affected” situations, the 
curve shows only 30 per cent of the an¬ 
tennas had a ratio higher than 3.2. The 
investigators estimated that, when all 
receivers were considered, approximately 
90 per cent of them would have ratios 
higher than 3.2. In accordance with these 
tests, Canadian Practice 10 sets a value of 
3.2 for the minimum permissible under- 
line-to-antenna ratio. This means that 
ratios less than this for line-to-antenna 
couplings do not measure up to the per¬ 
formance that reasonably may be re¬ 
quired for good reception. 

5. Signal Strength of Radio 

Program 

The required signal strength of the 
radio program for good reception has been 
estimated by various engineers to range 
from 10,000 microvolts per meter in large 
cities to 100 microvolts for sparsely 
settled rural areas. The Federal Com¬ 
munications Commission recognizes the 
area for good reception of certain types of 
stations as that covered by a signal field 
strength of 500 microvolts and for some 
other classes field strengths as low as 100 
microvolts. The Canadian regulations 
accept a level of signal field strength of 
500 microvolts per meter as a lower limit 
above which good reception is practically 
and economically achievable. 

It seems, therefore, reasonable to use 
the figure.of 500 microvolts per meter as 
reference value for this study. 

Foust, Frick—Radio Reception 


Several series of listener tests utilizing 
a range of types of radio noise at various 
signal strengths and noise levels have 
indicated that a signal-to-noise ratio of 
32 to 1 is an average ratio for use as a 
criterion of good reception. This ratio is 
accepted in the Canadian regulations. 11 

A ratio of 40 decibels has been sug¬ 
gested by International Electrotechnical 
Commission as a suitable signal-to-noise 
value indicating, however, at the same 
time, that values higher than 30 decibels 
have not been achieved in practice. Also, 
the FCC protects clear channel stations 
with a signal-to-noise ratio of 20 decibels. 
The test ratio of 32 to 1 (30 decibels), 
therefore, seems appropriate, 

7. Apparatus Limits Derived From 

These Ratios 

Having discussed the several significant 
ratios and values, we may now use them to 
arrive at a reasonable value for the radio¬ 
influence voltage of apparatus. If the 
signal strength of 500 microvolts per 
meter at the radio receiver is divided by 
the signal-to-noise ratio of 32 to 1, axi 
antenna radio-noise voltage of 15.0 micro¬ 
volts is obtained. Using this value with 
the under-line-to-antenna ratio of 3.2 
gives a value of 15.0 times 3.2 equal to 5o 
microvolts per meter, which is, therefore, 
an upper limit of noise field intensity (it 
the reference position under the line. 
This value can now be used with the other 
ratios to obtain an apparatus limit. For 
instance, on the 28-foot line previously 
referred to, with an apparatus-to-on-line 
ratio of 1.5 and an on-linc-to-under-lme 
ratio of 55, the apparatus limit for radio- 
influence voltage will be 50 times 1.5 
times 55 equal to 4,100 microvolts; also 
for a 35-foot line correcting the 55 ratio 
proportional to line height now becomes 
70 to 1 and gives an apparatus limit for 
radio-influence voltage of 50 times 1.5 
times 70 equal to 5,300 microvolts. 

These figures have direct significance 
when compared with the apparatus limits 
based on direct experience with factory- 
measured values as described in section 
V—1 of this paper and given in Table III. 


Table VIII. Radio-Influence Voltage Limits 
for “Radio-Freed" Pin-Type Insulators 


60-Cycle Dry 

Flashover Rating 
(Kv Rms) 

Limit of Radio- 
Influence Voltage 
(Microvolts) 

Up to and inc. 50. 


51 to 79_ 


80 to 109. . 

110 to 124.;.Z 

125 to 149.. 

150 to 200. 
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The greater part of the field data and 
experimental investigation represented in 
this analysis are derived from lines of 
about 66-kv construction. The limit of 
5,000 microvolts for this circuit voltage of 
Table III is between the level for 28-foot- 
and 35-foot-high lines. It is apparent, 
therefore, that the limits reached through 
both approaches are consistent. On 
lower-voltage lines the apparatus limits of 
2,500 and 1,000 microvolts appear to have 
the necessary margin of safety consistent 
with their frequent location closer to radio 
receivers. Also, the higher-voltage range 
at 10,000 microvolts should be acceptable, 
because distances to receivers are greater, 
and because up to this time interference 
experience has not been sufficient to indi¬ 
cate any practical necessity of a lower 
limit. 


Table IX. Radio-Influence Voltage Measurements on Insulators (Effect of Field Configuration) 

Radio-Influence Voltage in Microvolts 


Test Voltage 
Applied 
(Kv—Rms) 


Diagram A 
10-Inch 
Sphere 


Diagram C 


Diagram A 
5-Inch 
Sphere 

4 

Diagram B 
10-Inch 
Sphere 

10-Inch 
Sphere 
(2d Insulator 
Nearby) 


... 185... . 

. 7 

... 78. 

... 225_ 

... . 22 

... 98. 

... 225_ 

... . 55 

...135. 

. . . 290.... 


...155. 

• • ■ 1,100. . . . 

.230_ 


Diagram C 
10-Inch 
Sphere 
[2d Insulator 
Grounded) 


Diagram C 
10-Inch 
Sphere, 2d 
Insulator 
Moved to 72 
Inches 


-—- -- - - ; . . . —... .. . 

Wit Y f he —titution the smuncr /ivu-incli 
column the ten-inch sphere was located immediatelyLtoStf l Y l0WeI i • ‘ In U,e fourtl ' 

m voltage due to discharge in the crevices between^r/wfr t ^f msulat ? r > resulting in a marked increase 
just locating an insulator nearby gives a marked increa^ porcelain - The column shows that 

configuration. Grounding the Second insulator further V ° lta ^’ Presumably through changes in field 
moving it further away gives the expected decree* ^ ^creases the voltage as shown in column 0, and 
important are the detail reS, “ tS “<>" 


The problem of practical limits for fac¬ 
tory tests of radio-influence voltage on 
apparatus has now been considered from 
two standpoints, first that of direct ex¬ 
perience with factory measurements on 
apparatus, and second that of experi¬ 
mental determination of significant coup¬ 
ling ratios between apparatus and receiver 
set. The limits arrived at from these two 
standpoints are in good agreement. 

The values given in Table III have been 
adopted as limits by many NEMA sec¬ 
tions for high-voltage apparatus. 

VI. Radio-Influence Test Voltages 
for Apparatus 

Radio-influence voltages on apparatus 
generally increase with increasing applied 
voltage. Consequently suitable influence- 
voltage limits will of necessity be tied in 
with applied test voltages which will bear 
definite relation to the apparatus circuit 



c 


Figure 4. Radio-influence voltage tests on 
pedestal insulat rs 
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voltage. When this is done, all apparatus 
used on the same circuit will have a com¬ 
mon standard test voltage. Because dif¬ 
ferent kinds of apparatus have different 
rating bases, it has been found necessary 
to work out a common basis for as wide a 
range of apparatus types as possible. 

The circuit voltage determines the volt¬ 
age stress to ground that is applied to the 
connected apparatus, and hence it appears 
logical that the circuit voltage should be 
used as the basis for establishing the test 
voltage. Since some apparatus is de¬ 
signed for use on several different circuit 
voltages, the standard test voltage for 
such apparatus should be based on the 
maximum circuit voltage for which such 
apparatus is rated. 

It is recognized that in some cases the 
test voltage is less than the rated voltage 
of the apparatus. However, it will be 
found that in such cases the rating of the 
apparatus is not based upon the sustained 
voltage but upon abnormal conditions. 

Table VI lists the various three-phase 
line-to-1 ine circuit voltages with the cor¬ 
responding line-to-neutral voltages. It 
gives a standard test voltage that is based 
on 110 per cent of the line-to-neutral cir¬ 
cuit voltage and shows how standard ap¬ 
paratus normally would be applied and 
tested. For transformers the test voltage 
is 110 per cent of the maximum rated line- 
to-neutral voltage, which is the highest 
rated tap voltage for wye-connected trans¬ 
formers and the highest rated tap voltage 
divided by the square root of 3 for delta- 
connected transformers, but shall not 
exceed the highest values in column IV for 
the insulation class of the winding of 
column III. These values have been 
standardized by NEMA and appear to 
the extent required in the appropriate 
ugh-volt age-apparatus publications to 
which reference should be made for spe¬ 
cific types, 

Foust, Fnck—-Radio Reception 


VII. Insulators 

Experience in the fields of apparatus 
and line insulators has indicated these to 
be occasional sources of radio interference. 
Probably the most common case is that 
wherein a radio-influence voltage results 
from the breakdown of a small air gup 
between tie wire and insulator nr spark- 
over in a crevice of a defective insulator. 
Particular defective insulator units must 
be located and removed. Generally plain 
pin-type units will produce not more than 
the levels of influence voltage shown in 
Table VII. 

In many localities well-served by broad¬ 
casting stations, plain pin-type insulators 
have been used satisfactorily. However 
the values of Table VII are substantially 
above the apparatus limits of Table III. 
Accordingly, insulator users and manu¬ 
facturers have directed attention to the 
reduction of radio-influence voltages for 
insulators. In this marked success has 
been achieved. One user in a locality 
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Tabl X. Radio-Influence-Voltag Tests on Insulators, 

(Effect of Paralleling Units) 


Test 
Voltage 
Applied 
(Kv—Rms) 



Insulator Units 
(Microvolts), Individual Tests 



Paralleled Units 
(Microvolts) 

Calculated 

Root-Sum-Square 

1* 

2 

3 

4 

5 

6 

7 

8 

6-7 

3, 5, 6, 7 

All 8 

6-7 

3, 5, 6, 7 

All 8 

10. 

.. 5,100.. 

, . 4,900.. 

.. 4,300. , 

, . 3,410. 

... 4,200. , 

, . 4,300.. 

.. 4,300.. 

. 3,700..., 

.. . 5,900. 

. . 7,600... 

.11,500. . 

... 6,100. 

. . 8,000... 

. 12,200 

16. 

. .14,500. , 

. . 17,500.. 

..17,500. . 

. .13,500. 

...17,500. . 

, .17,500.. 

..15,500. . 

.13,500.... 

. .19,500. . 

.27,000.... 

35,000... 

.. .23,500. 

. .34,000..., 

, 45,000 

22. 

..25,000. . 

. .32,000.. 

..32,000. , 

. .24,000. 

,...32,000. 

. .31,000.. 

..27,000. . 

.23,000... 

. . .30,000. 

. .46,000... 

.64,000... 

.. .42,500. 

. .62,500.... 

. 82,000 

28. 

..44,000. . 

. .48,000.. 

..49,000. 

. .39,000. 

, ...46,000. 

. .42,000.. 

..39,000. . 

.39,000.... 

. .49,000. . 

. .73,000.... 

97,000... 

.. .57,000. , 

. .88,000.... 

122,000 


* The eight insulators used were numbered 1 to 8. 


not well-served by broadcasting stations 
has worked out a method of applying an 
asphalt emulsion 12 ' 13 to each insulator 
which gives very low levels. Insulator 
manufacturers have given considerable at¬ 
tention to the problem, and as a result 
“radio-freed” pin-type insulators are now 
available. 

In an effort to set up reference standards 
significant to the levels achievable through 
this special design, the insulator group of 
NEMA has agreed upon the values of 
Table VIII. 

Since we have two types of insulators, 
the plain and radio-freed, and two corre¬ 
sponding sets of limits for radio-noise- 
influence characteristics, it seems logical 
to assume that these limits are based upon 
the values it is possible to achieve under 
the manufacturing conditions pertaining 
to each type of insulator. 

VIII. Radio-Influence-Voltage 
Variables in Apparatus Testing 

As high-voltage apparatus testing for 
radio influence has progressed, experience 
has focused attention on several factors 
which affect apparatus levels in very pro¬ 
nounced measure. Among these are volt¬ 
age field configurations, paralleled appa¬ 
ratus units, time of voltage application, 
and humidity. 

1. Voltage Field Configurations 

Considerable variation in testing may 
result when dielectric field distributions 
around test connections between supply 
voltage apparatus and test-piece and 
measurement equipment are altered. 
Very largely the threshold voltage at 

Tabl XI. Comparison of Measured with Cal¬ 
culated Values on Paralleled Units 


Ratio* S-OQt-Su m-Square Value 

JS** Measured Value 

Voltag 

(Kilo- Insulators Insulators 


volts) 

6 and 7 

3, 5, 6, 7 

All 8 

10.... 

....1.03.... 

....1.13. 

...1.06 

16.. .. 

....1.31.... 

-1.26. 

...1.29 

22 .... 

....1.42.... 

....1.36. 

...1.28 

28.... 

_1 .SO. 

1 91 

1 9fi 

Average ratio 1.23 


which considerable noise begins and the 
amount of influence voltage as dependent 
upon the number and extent of field-volt¬ 
age gradients concentrated at particular 
points of small radius of curvature on the 
test piece or test circuit. Such field con¬ 
centrations will be altered in degree with 
every change of circuit, and it is, therefore, 
important that attention be given to them 
in making a test setup. To illustrate this 
effect a brief description of a test wherein 
it is involved in a very conspicuous man¬ 
ner is given. 

A pedestal insulator was being tested 
by arrangements shown in Figure 4. 
Voltages were applied to arrangements A, 
B, and C, and radio-influence voltages 
were measured. The results are given in 
Table IX 

2. Paralleled Units of the Same 

Apparatus 

Radio-influence voltages generally in¬ 
crease when additional units of a particu¬ 
lar type are added to the test circuit. The 
amount of this increase has not been con¬ 
firmed by sufficient data to provide for 
good understanding on this point. Ac¬ 
cording to local experience the custom has 
ranged from using the single-unit value to 
multiplying it by the number of units in 
parallel. Results of a practical test on 
this point are summarized in Table X. 

It is obvious from these results that ad¬ 
ditional units increase the measured radio 
influence definitely, but that this increase 
is not in proportion to the number of units 
added. Some observation of high-voltage 
radio-interference phenomena by oscillo¬ 
graph has shown the voltage waves to be 
quite variable in duration, amplitude, and 
time of occurrence. When additional 
units are added, presumably crests do not 
correspond, or the new waves are added 
in time between the old. For practical 
purposes the method of estimating the 
results for added units by the root-sum- 
square method has been found satisfac¬ 
tory. This method is applied by adding 
the squares of individual unit results and 
taking the square root of this sum. Ap¬ 
plied to the results of Table X, values as 
given in Table XI are obtained. 


It is apparent that, calculated in this 
manner, values somewhat higher than the 
combined measured values are obtained. 
This test shows the calculated values to 
range some 23 per cent higher than the 
measured. A value thus obtained is con¬ 
sidered to be a good conservative esti¬ 
mate. 

3. Time Factor in Voltage 
Application 

Radio-influence voltage varies with 
time of voltage application, particularly 
within the first few minutes. This is il¬ 
lustrated by a test summarized in Table 
XII made on a pin-type insulator at 22 kv 

Table XII. Radio-Influence-Voltage Varia¬ 
tion With Time of Appli d Voltag 


Time Radio-Influence Voltage 

(Minutes) (Microvolts) 


0.7,700 

1.6,000 

2 .5,600 

3 .5,000 

4 .4,500 

5 .4,400 

10.4,200 

15.3,900 

20.3,800 


and at 0.34 inch of mercury atmospheric 
vapor pressure. 

In this case, as is usually found with 
insulators, the radio-influence voltage de¬ 
creased rapidly at first and then slowly, so 
that in some 20 minutes a constant value 
was obtained. Some other types of ap¬ 
paratus show an increasing influence volt¬ 
age with time of application. Experience, 
therefore, indicates that, to obtain values 
which will check from day to day or from 
one test set to another, a common time of 
voltage application is required. The one- 
minute value gives ample time for a short- 
time test and is practical in that it does 
not require excessive waiting. However, 
the longer time values are possibly more 
in agreement with the continuous values 
consistent with service performance of 
apparatus. A five-minute test generally 
has been viewed as a good compromise and 
is now contained in a number of apparatus 
test codes. 
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4. Humidity 

Measurement experience lias shown 
that in many cases atmospheric humidity 
has a substantial effect on radio-influence 
voltages of apparatus. A good example 
is that of porcelain insulators, with which 
this variation may be as much as 4 to 1 
over the normal range of atmospheric 
humidity conditions. A specimen-test 
result showing influence-voltage varia¬ 
tions at several voltage levels on a stand¬ 
ard pin-type insulator is shown in 
Figure 5. 

This test was made in a closed chamber 
in which the atmosphere could be arti¬ 
ficially reduced by suitable dryers, so that 
a range from 0.03 inch of mercury vapor 
pressure to 0.6 inch was obtained. The 
humidity was measured with a dew point 
potentiometer, and data of radio-influence 
voltage variations were obtained at 10 kv, 
16 kv, 22 kv, and 28 kv. The marked 
increase in voltage as humidity decreased 
is consistent at all voltage levels tested. 
The normal test voltage for this insulator 
is 22 kv, and the limiting value of radio¬ 
influence voltage, 12,000 microvolts from 
Table VII. 

Adding moisture until precipitation 
takes place has a varied effect. When 
water droplets fill in small crevices be¬ 
tween conductor and insulation, in which 
local breakdown occurs, the influence volt¬ 
age will decrease, because the water shifts 
the voltage across the crevice to other 
parts of the dielectric in series. But the 
converse of a higher influence voltage 
may result, if droplets form projections 
of small radius on an otherwise smooth 
surface. In this case the voltage gradient 
at the droplet increases, and additional 
local disruption gives rise to increased 
radio-influence voltage. Humidity then 
is another factor contributing to influence 
voltage level which must be reckoned 
with in testing and considered in cases of 
field interference. 
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IX. Conclusions 

1. Use of the present available radio-noise 
meters when utilized only with the internal 
calibrator gives results within =±=50 per cent 
in measurements on sine waves of radio 
frequency. 

2. Use of a sine-wave signal generator to 
calibrate the noise-meter results in marked 
improvement and permits obtaining checks 
on sine waves of radio frequency to. within 
eight per cent. 

3. Even when calibrated on a signal gen¬ 
erator, the results with different radio-noise 
meters, when used to measure on a given 
square wave, may differ by 37 per cent. 
Differing types of apparatus noise also result 
in similar meter differences. 

4. As an improved instrument-performance 
specification, it is recommended that one or 
more calibration waves of varied and repre- 
entative shapes be adopted. 

5. Limits for the radio-influence voltage of 
apparatus derived on the basis of apparatus 
measurement and field experience are given 
in Table III. These are the same as the 
values adopted by many sections of NEMA 
for high-voltage apparatus. 

6. To bridge the gap between radio-in¬ 
fluence voltages of apparatus measured in 
the factory and noise measured on a radio¬ 
receiver set, a series of values is found 
valuable. These ratios are— 

(a) , Apparatus-to-on-line ratio, 1.5 to 1. 

( b ) . On-line-to-under-line ratio, 70 to 1. 

(c) . Under-line-to-receiver-antenna ratio, 3.2 to 1. 

( d ) . Signal-to-noise ratio, 32 to 1. 

7. Apparatus limits for radio-influence 
voltage given in Table III and derived on the 
basis of apparatus measurement and field 
experience agree with limits as found 
through the use of field measurements and 
ratios as in conclusion 6. 

8. Based on these ratios and assuming an 
antenna signal strength of 500 microvolts 
per meter and a signal-to-noise ratio of 
32 to 1, a relative radio-influence voltage 
level for apparatus limits is derived. This 
level agrees with those of Table III based 
on factory tests and field experience. 

9. To provide for the testing of all ap¬ 
paratus used on the same circuit, a standard 
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set of test voltages for many types of high- 
voltage apparatus has been standardized as 
given in Table VI. 

10. Factors which must be controlled 
in the measurement of radio-influence volt¬ 
age in apparatus are voltage field configura¬ 
tions, number of test parts in parallel, time 
of voltage application, and humidity. To 
provide good measurement checks, these 
factors should be included in individual 
apparatus test codes. 
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Op en-Delta Transformer Banks— 
Analysis of Circuit 


J. E. CLEM 

FELLOW AIEE 


W HEN a three-phase transformer 
bank is operated in open delta, an 
unbalanced secondary voltage results, 
and the transformers themselves may be 
overloaded. The unbalanced voltage 
will cause a circulating current to flow 
which may cause overheating of the 
equipment in the secondary circuit to an 
extent depending upon the amount of the 
voltage unbalance and the load being 
carried. Wolf and Mattison 1 have de¬ 
scribed a method of overcoming the 
voltage unbalance, and this paper is 
written to mention briefly the effect of 
unbalanced voltages on the operation of 
induction motors and to present an analy¬ 
sis of the circuit, together with some cor¬ 
related material. 

Open-delta operation of transformers 
will set up negative-sequence voltages in 
the secondary circuit which may cause 
increased heating of induction motors. 
Whether or not this increased heating is 
serious depends upon the load being car¬ 
ried by the motors and their temperature- 
rise characteristics. 

The unbalance of the secondary volt¬ 
ages can be reduced to a negligible value 
by the addition of capacitance to the cir¬ 
cuit, and a method is given of estimating 
the required amount and its distribution. 
b Existing methods of calculating regula¬ 
tion of open-delta transformer banks are 
not suitable for the analysis of this prob¬ 
lem, and a new method is presented to¬ 
gether with a method of calculating the 
positive and negative components of the 
current necessary for the application of 
the new* method. 


Effect of Unbalanced Voltages 
Motor Operation 

The unbalanced voltages resulting fr 
open-delta operation are detrimental 
t ie operation of induction motors in 
secondary circuit and result in a reduct 
m torque and an in crease in heati 
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®ittees on eiectrimi y Lne ci 

mission and distrih, “ achiner y a ^d power tr; 
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The amount of voltage unbalance de¬ 
pends, not only upon the reactance of the 
transformer, but also upon the magni¬ 
tude and type of load. The greatest un¬ 
balance will occur when all the load is 
static and the least when all the load is 
rotating. However, a given negative- 
sequence reactance applied to an induc¬ 
tion motor produces a definite negative- 
sequence current of a magnitude de¬ 
pending only upon the characteristics 
of the motor. 

There is a reduction in torque, because 
the positive-sequence voltage applied to 
the motor is reduced. For example, in 
Figure 4 of the Wolf-Mattison paper, 
the positive-sequence line-to-neutral sec¬ 
ondary voltage for the closed-delta case 
is 335.2 volts, with an applied line-to-line 
equivalent voltage of 615 volts, and it is 
reduced to 319.8 volts for the open-delta 
case, with line-to-line equivalent voltage 
of 622. This represents a reduction in 
torque of nine per cent, and, in addition, 
the negative-sequence voltage introduces 
a small (usually negligible) torque in the 
reverse direction. Since the required 
mechanical output is unchanged, the 
current must increase to maintain the 
load, and increased heating results. 

The unbalanced regulation of the open- 
delta bank introduces a negative-se¬ 
quence voltage which, in turn, causes 
negative-sequence current to flow, and a 
further increase in heating results. The 
negative-sequence impedance of induc¬ 
tion motors may be in the order of 10 
to 25 per cent, so that a relatively small 
per-unit negative-sequence voltage causes 
a relatively larger current to circulate. 
The increase in losses is illustrated in 
Figure 1 for two types of induction motors. 

A ten per cent negative-sequence voltage 
may cause an increase in total loss, rang¬ 
ing from 33 to 93 per cent at full load, 
depending upon the characteristics of the 
motor. 

The extra loss is revealed as increased 
heating in the motor. If the excess loss 
were evenly distributed among the three 
phases, the overheating would be pro¬ 
portional roughly to the excess losses. 
However, the current unbalance is such 
that the overcurrent flows through one 
phase of wye-connected motors or through 
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two phases of delta-connected motors, 
resulting in local overheating and rela¬ 
tively greater excess temperatures than 
indicated by the over-all excess losses. 

Whether or not this overheating is 
serious will depend upon the loading of 
the motor and the closeness of the design. 
If the motor is underloaded or has a 
liberal margin in the temperature-rise 
performance, the increased heating prob¬ 
ably will not be harmful. If, however, 
the motors are fully loaded and already 
operating at a temperature close to the 
maximum temperature for which a 
reasonable length of life may be ex¬ 
pected, the overheating caused by the 
excess losses may be disastrous. 

Regulation of Open-Delta 
Transformer Banks 

The usual approximate formulas 2 given 
for the calculation of the regulation of 
open-delta transformer banks are de¬ 
rived upon the assumption of balanced 
voltages and currents. Since this con¬ 
dition does not exist in the secondary 
circuit of an open-delta bank, the results 
are in error to a greater or less degree, 
and the formulas cannot be used for an 
analysis of this nature. 

The regulation of an open-delta trans¬ 
former bank may be developed as follows. 
See Figure 2, Figure 3a, and Figure S. 

The voltage and current relationships 
are 

E AB E a i)~\~Ial)Zt hl — ^B 

EBc^Ebc+hcZt he -9 ( 1 ) 

E CA-E ca -\-I ca Z t f ca = —f c 

and from these 

E a b = -j- IzZ t —E a b -f- e a i 

E Bc~ E bc~\-(I C — Is)2 t =Ei )C -j r e ()G ( 2 ) 

E c a = E c a —I c% i~E ca ~ {- e ra 



Figure 1. Variation in total loss of two types 
of induction motors caused by negative-se¬ 
quence voltage 


Motors maintain full mechanical output, and 
positive-sequence voltage decreases 
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In the foregoing it is presumed that 
the phase angle of I B in reference to 
E B} and so forth, is known. 

If we write 

e ab — IbZ% — (/ si ~\~^Bi)Z t 

— — {I C\ —IB1 +1 Cl — ^B^Zt 

*ca=-IcZ t =-(Ici+Ici)Z t (3) 

it can be shown easily from formula 3 
and Figure 8 that 

_(-l+ fl *H2/ Xl -/^_ 
e abi --- Z t 

and 


2/., / >i 


Z t 


+a)(-I Al +2I A2 ) 

aW 3 -2, 

and 


-I Al + 2 I M „ 
-3- 

and also 

„ r Ai+I A i „ 


3 



(2a*-a)I A1 + (2a~-a*)I A <> _ 
o Z t 



(2a-a 2 )r A1 +(2 a*~a)I A , 

^ ~ 3 

2I c —I b 

~ 3 


(4) 


(4a) 


From formula 4 and Figure 3a we 
can write the expressions for the total 
positive and negative voltages in the 
circuit. They are 



These expressions, formula 5, yield the 
equivalent circuit shown in Figure 3b. 
It is interesting to note that this is identi¬ 
cal with the equivalent circuit for open- 
delta transformer banks originally de- 


Figure2(left). Rep¬ 
resentation of open- 
delta transformer 
bank with direction 
of power flow indi¬ 
cated 



Figure 3 (right). 
Representation of 
complete circuit with 
open-delta trans¬ 
former bank and the 
corresponding equiv¬ 
alent circuit 





veloped by Edith Clarke in 1934 using 
an entirely different approach. 

The sequence currents may be cal¬ 
culated as follows: 



z *+~ z t 

D ' 
Z t /3 
z 2 +-z t 


( 6 ) 

m 


in which 

D= ( Zl+ t z ) ( Zt+ l z )~l z ‘ 2 « 

Z\ = positive-sequence impedance external 
to the transformer 

Z 2 = negative-sequence impedance external 
to the transformer 


Again we write from formulas 2 and 3 
&ab ~ Z ab -bI B iZ t -\~I B 2 Z t 

EBc~E bc -\-{I c i -lBi)Z t ~{-(I C2 —I B2 )Z t ( 9 ) 

E ca ~ E ca / c\Z t ~~ I C2 Z t 

In the foregoing the voltage drop in 
the open-delta bank between the primary 
and secondary windings is made up of the 
drop resulting from two symmetrical 
currents. Also, we may look upon the 
primary voltages as those existing before 
the transformers are loaded, and there¬ 


3b 

fore they are a set of symmetrical volt¬ 
ages. 

This permits a simplification in the 
expression to the following: 

E ab — E ab — (I Al Z t e j te+ 6 ' + *>) + 

Ebc -Ebc — ( \Z3I Al Z t € J ^ + ° l ) — 

VSlAiZte^+W) (10) 
E ca =E CA - {I M Z t &*+°r*>) +I A2 Z t € j (* +0 '-+ 9Q )) 

In this equation the angle <j> is the 
angle of the transformer impedance, 6 X and 
0 2 are the phase angles of the positive- 
and negative-sequence currents, I Al and 
I a 2 , in reference to E A . The angles 0 and 
0 2 are negative for lagging current and 
positive for leading current. 

The foregoing equation 10 permits the 
determination of the voltage drop for 
each phase, the second term on right 
side of each expression. When this 
voltage drop is expressed on a per cent or 
per-unit basis, any of the conventional 
expressions 3 may be used to calculate 
the regulation, depending upon the de¬ 
gree of accuracy required. 

In each of the foregoing equations 10 
the reference vector for each secondary 
voltage is its respective primary voltage. 
On further expansion and with the usual 
approximations introduced, the positive- 


Table I 



Measured 

Derived 

Measured 

Derived 

Kw. 

IA . 

IB . 

ic . 

Eab . 

Ebc . 

Eca . 

Ea 

. 982. 

.1,500. 

.1,130. 

.1,110. 

. 578. 

. 538. 

. 982 

. 578 6 —J162.34 

. 538 6 7' a 6«ot> 


.1,200 €"/ 3a '«o 

. 595 6 J88,90 

. 592 €"/ 3o.i« 

Eb . 

EC . 

la . 

I be . 

L . 

Jit . 

Id . 


. 324.9 6-/124.23 


. 345.1 

. 700 e / 

. 840 6 ~i i48.io 

. 829 6 313J.66 
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Figure 4A. Vector diagram showing 
voltages and currents for open-delta 
operation with no corrective capaci¬ 
tance 


r c mined from the line-to-line voltages 
(see Figure 7), or equation 4a, and the 
phase angle between the voltages and 
current can be determined from the 
measurement of the total watts output. 

Once these negative values of voltage 
and current are determined, sufficient in¬ 
formation is available to determine the 
sequence current (for use in 10) and 



Figure 4B. Vector 
diagram showing 
voltages and load 
current and trans¬ 
former current with 
corrective capaci¬ 
tance added 


regulation is offered, which permits cal¬ 
culation to any desired precision. 

Express one of the foregoing expressions 
as: 


stquence parts will yield the conventional 
° rm given for the calculation of the 
regulation of open-delta transformer 
banks. 

Assume three voltage values £„», E ta 
f Eca ' t0gether with three current 

a t ? eS ^ * B ’ aiK * ^ Cy ^ ave k een meas- 
urec. ien we can ^ see p-g Ure ^ 

E ab = E Qb I a = Ia 

E (n^=E CQ e>^ m ca ) J c=s J c€ j(lZQ-CA) 

m which the angles are determined as 

» n,,-. 7, b« i. 2 

need not k ^ the Voltage an S le 

e the same necessarily as the 
current angle AB tu r 7 S m 

voltages E % : Ime - to «al 

S > a, E b , and E c , may be deter- 
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then to determine the per-unit impedance 
voltage (12 and 12a) in magnitude and 
phase angle, to be used in the calculation 
of regulation. On the other hand, if the 
constants of the circuit are known, the 
sequence currents may be evaluated by 
use of equations 6 and 7. 

New Formula for Precise 
Calculation of Transformer 
Regulation 

Some of the conventional approximate 
formulas 3 for regulation are subject to 
appreciable error when the per-unit drop 
is above the usual values. Accordingly, 
the following new method of calculating 
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E S =E V - (I bl Z t e *(*+«■+»> +j b 2 z t e il '* + "-~ 

anb then, if we let 
Eps 

~~E S 

and then 


P = - 


( 12 ) 


(12a) 


there results 

jG 

~=l+£ cos d+jp sill 0 (13) 

Per-unit regulation, 

r __ E p—E s _Ep_ 

~~E S E^- 

so that from equation 13 

a 2 , a 3 5 7 21 „ 33 

r- a -- + ___„, + _ at _„ a o + __ a7 _ + . . 

(14) 

a = p cos 0+^- 

The expression pe j0 = p (sin Q+j cos 0) 
represents the per-unit impedance drop 
in magnitude and position. For this 
particular problem the proper values to 
use are obtained from equation 10, 

By this method the regulation may be 
calculated to any precision justified by 
the supporting data, and this method has 
been incorporated by the writer in the 
latest revision of American Standard for 
Transformers, C-57.1, and was included in 
the report of the subcommittee respon¬ 
sible for the revision of section 4 of C-57. 

Calculation of Regulation 

At this point the regulation for the 
open-delta condition of case 2 of Figure 
4 of the Wolf-Mattison paper will be 
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Figure 6A. Chart showing relationship be¬ 
tween the amount of corrective capacitance 
added, the resultant current in the transformer, 
and the phase angle between the transformer 
current and the transformer voltages 

Forn-js-iy, 

‘be 

calculated. The per-unit impedance of 
the transformer is 0.0592 at 522 amperes, 
and the impedance angle 0 is 82.52 
degrees. (All numerical values of angles 
are in degrees.) 

Then 

/ 1 = (l ) 230~j8.7)€-* 7 ' 3B * 29 =l,230€-^ fi . 70 
h = (270+7*8.7) €-*«•» - 270.1 e~ h3 - 
= 0.0592 e-* 82 - 52 

In the preceding equation for h and 
h, the reference vector is E a , whereas in 
equation 10 the reference vector is 
E a . The angle between E A and E a may 
be found from the following: 

tan p _ h-Zt sin (0+0) 

2>-{-I A Z t cos (0+0) 

which gives 
0 = 0.78 

and then = 36.48, and 0 2 = 34.22, so 
that 

0+01+30 = 76.04 
and 

0+02-90-41.70 
0+0i =46.04 
and 

0+02 = 48.3 
0+0i —30 = 16.04 
and 

0+02+90 = 138.30 
1,230 

-j^-X 0.0592 = 0.1395 
270.1 

— X 0.0592 = 0.03064 



Figure 6B, Chart showing relationship be¬ 
tween the amount of corrective capacitance 
added, the resultant current in the transformer, 
and the phase angle between the transformer 
current and the transformer voltages 

For n = p = 2 

'be 

Then for phase AB 

pe je = 0.1395 e^ 76 ‘ 04 +0.03064e“- ? ' 41 * 70 
, = 0.0566+7*0.115 
a = 0.0648 

Per-unit regulation = 0.0628 for phase AB 

And in a similar manner for the other 
phases there results the data shown in 
Table A. 

This is a reasonably good check. ’ The 



Figure 7. Vector diagram illustrating simplified 
method of finding line-to-neutral voltage and 
the positive- and negative-sequence compo¬ 
nents from a set of unbalanced line-to-line 
voltages, when no zero-sequence voltage is 
present 



Figure 6C. Chart showing relationship be¬ 
tween the amount of corrective capacitance 
added, the resultant current in the transformer, 
and the phase angle between the transformer 
current and the transformer voltages 

For n = |^=2 Vs 

’be 

per-unit values are all on the basis of the 
rated output voltage —575 volts. 

Analysis of Data, Figure 4 of the 
Wolf-Mattison Paper 

In Table I is shown an analysis of the 
data in Figure 4 of the Wolf-Mattison 
paper, giving the measured and certain 
derived values. The phase angle between 
E a and I A is predicated upon the require¬ 
ment that the calculated output of the 
two transformers must equal the meas¬ 
ured value. This information is shown 
in Figures 4a and 4 b. 

The positive- and negative-sequence 
components for the open-delta operation, 
Figure 4a, are without capacitance. 

E aJ = 319.4 —j‘16.38 

Iai = (1,230 — 78 . 7 ) €~^ aE * 29 

^2 = 9.4+716.83 

7 a 2 =( 270 + 78 .7) €~^ 3B - 29 
and with corrective capacitance added 
-E fll = 344.3 “7*3.31 J Al = l t 166.5e~"^ 3(3 ‘ G0 
E al = 0.85+7*3.31 J A2 = 33.5e ~ ;3fl - B0 


cos ab = 


a 2 +jb 2 — c 2 
2 ab 


cos xy ~ 


X 2 + y 2_ 2 2 


Stxy 


Other angles in similar manner. All angles acute 
* 


A' 2 =z(2a'-i)2+2c !! ), a 2 = 2x 2 +2y 2 -z 2 , and so Forth 


Eab — Ejib 

Ejjc = E BC e- i{180 - ab ) 

EcA = E CAt Hiso-ca.) 


Ea ~ Eq 

E h = E b e~W°-*y> 

E Ee W 0- z *) 


1 1 1 1 
EaHi = 2 f ^ +/ 2Vl (f B0 “ f ^) /E ^ 2 = l E *B~i^{E Ba -EcA) 

Eal = 2 f " +/ 2vf (fa_fo)/£ " = —j~~^ (Eb _ Ec) 


COS cx = 


C 2 + X 2 — z 


2 cx 


Ea B ~E as <l-^80-x«) 

E S o = E ac 6J(*“+° b ) 
EcA = E CA -e 1(ca - x “) 
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Table A 



(a). Forward (positive) sequence 


(b). Backward (negative) sequence] 


Figure 8. Chart showing certain sequence relationships used in the text 


Positive Sequence 


Negative Sequence 


E a = E a ^ = E a 
E„=E a e-^° = a *E a 
E c = E a e~ i2i ° = aE a 

£a»=(-1H-a s )F 8 
=*V3 E a e-™ 


£» e = (-a 2 +a)E a 
= VlE a e^ 


£«.“(-a+1)£, 

= V3 

Use subscript 1 


/«= =4e ;6 

/»=4e , ('- I, ')=aV # 

E = = a/ a e w 

-1+a 

1 

=-/ Jiff-iso) 

vr 

L 


E b =E a e-^ = ,E a 
E c = E a C }m = s % 

F 36 = (-1+a)E s 
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In these expressions £ a is the reference 
vector. 

From these data it is seen that open- 
delta operation in this particular case 
introduces 6 per cent negative-sequence 
voltage, which in turn introduces a 22 
pet cent negative-sequence current. 

In Figure 4b the voltage and load cur¬ 
rents are seen to be closely balanced, 
and this has been accomplished by the 
addition of capacitance current in certain 
proportions (see Figure 5) as described 
by Wolf and Mattison. 

The current I B in the leading phase 
AB has been advanced slightly in phase 
(Figure 4b), and thus its phase angle is 
reduced in reference to the voltage AB, 
and at the same time it is reduced in 
magnitude. The current I c in the leading 
phase has been advanced greatly in 
phase, and this also reduces its (reversed) 
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phase angle in reference to the voltage 
CA and, at the same time, its magnitude. 
After this modification has been made, 
current I u leads its voltage E ab by 1.99 
degrees and the current I cU reversed, lags 
its voltage E ca by 13.19 degrees. Since 
the power factor is now practically unity, 
the difference in regulation is so slight 
that the negative-sequence voltage in¬ 
troduced has a negligible effect. 

The relative values of capacitance 
current that need be added will depend 
upon the power factor and magnitude 
of the load. The required amount and its 
distribution cannot be determined readily 
by a study of the unbalanced condition. 
Rather the line currents I B and I c 
for balanced three-phase conditions must 
be modified so that the respective trans¬ 
former currents, I tB and I tc , are not only 
approximately equal in magnitude, but 

Clem Open-Delta Transformer Banks 


Phase 

Calculated 

Test 

AB . 

.0.0628 

n 

BC . 

.0.1407 . 

ft liifi 

CA . 

.0.1120. 

.0.1373 


also have approximately the same phase 
relationship to their respective voltages, 
E ab and E ca . By this procedure the 
unequal regulation is reduced greatly, 
and thereby the cause of the unbalanced 
current is removed and, consequently, 
its harmful effects. 

Strictly speaking, the proper capaci¬ 
tance for one power factor is not correct 
at other power factors. In Figure 6 are 
given curves (see also Figure 5), by which 
the amount of corrective capacitance may 
be estimated, and it should be borne in 
mind that precision is not necessary. 

In these curves b is the per-unit capaci¬ 
tive current, based on actual load cur¬ 
rent, added across phase be, and nb 
represents the capacitive current added 
across phase ca , with n having values of 
l 2 /a, 2, and 2y 3 . 

These charts are used as follows: 
Assume the power factor of the load is 
0.77, assume b to be 0.35 as the first 
trial, and n as l 2 / 3 . Then the inter¬ 
section of the line for power factor = 
0.77 and 5 = 0.35 indicates an angle 
of about +1.5 degrees for I tc and of 
about -24 degrees for I tB on the upper 
chart. Now locate these angles re¬ 
spectively on the lower chart for the 
assumed values of 5 = 0.35; I tc is in¬ 
dicated as about 0.71, and I tB is indicated 
as about 0.65. This amount of correc¬ 
tion probably would not be satisfactory, 
and a new trial should be made with a 
different 5 or different n , or with both 
different. 

For a further example, assume a load 
having a power factor of 0.81 or <9=36 
degrees. Then we can get the results 
from the curves as shown in Table II. 

With the possible exception of the 
first entry, any of the foregoing will give 
sufficient reduction in the unbalance to 
assure satisfactory operation of the in¬ 
duction motors on the secondary cir¬ 
cuits. Incidentally, the fourth entry 
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H 

b 

OtB 

OtC 

ItB ItC 

1 2 A.. 

..0.3 . 

..+4 . 

-..-21 .. 

..0.730..0.725 

12/3.. 

..0.35. 

..+6 . 

---13 .. 

. .0.690..0.710 

l 2 /3.. 

. .0.4 . 

. -f-SVs. 

3 .. 

. .0.655..0.755 

2 . . 

..0.3 . , 

..+4 . 

..-i3y 2 .. 

. .0.730..0.700 

2 . . 

. .0.35,, 

• ■ +6 . 

3 .. 

. .0.690..0.730 

2 .. 

. .0.4 .. 

.+sy 2 . 

6i/ 2 .. 

. .0,655..0.750 

2 l /». • 

. .0.3 .. 

.+4 . 

• 5y 2 ... 

. .0.730..0.665 

2 Vs.. 

. .0.35.. 

.+6 . 

. .+ 4 .. 

, .0.690..0.640 

2Va.., 

. .0.4 .. 

• +8V2. 

• .+151/2... 

.0.655..0.660 
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Skin Effect in Bimetallic Conductors 


Theoretical Expression for A-C 
Impedance 


B. R. TEARE, JR. 

FELLOW AIEE 

Synopsis: Mathematical expressions for a-c 
impedance and current distribution are 
derived for bimetallic conductors with cir¬ 
cular symmetry. The results are illustrated 
by application to a copper-covered steel 
conductor in the frequency range up to 160 
kilocycles. Measurements of the a-c re¬ 
sistance in the same frequency range provide 
a check on the theoretical results. The 
studies made on the copper-covered steel 
conductor indicate that its resistance is sub¬ 
stantially that of its tubular copper portion 
alone and, for all but the lowest frequencies, 
may be taken from the simpler formulas 
and curves already available for tubes. 

■JIMETALLIC conductors consisting of 
” a C0 PPer covering welded to a steel 
core are widely used for power and com¬ 
munication lines, because the great ten¬ 
sile strength of these conductors permits 
long pole spans. The resistance of such 
bimetallic conductors at power frequen¬ 
cies is known. 1 A knowledge of the re¬ 
sistance at higher frequencies, in the 
range up to 150 kilocycles, has become 
important for designing and for deter¬ 
mining the performance of carrier-current 
communication systems operated over 
bimetallic conductors. 
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is the case covered by Figure 4 of the 
Wolf-Mattison paper, and the check is 
very good. In selecting the particular 
values of corrective capacitance the 
power factor and range of load are the 
factors to be considered. 

Appendix 

1. If there is no zero-sequence voltage in 
the system, then the proper neutral point 
of the system is the intersection of the 
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JOSEPHINE R. WEBB 

ASSOCIATE AIEE 

A previous study 2 of this subject was 
published in 1915 by J. M. Miller, who 
gave an approximate method of calculat¬ 
ing a-c resistance and compared cal¬ 
culated with experimental results for 
several specimens of conductors in the 
frequency range up to three kilocycles. 
However, his method of calculation is 
based upon the assumption that the 
current density in the outer layer of 
copper is uniform, which, although it is 



Figure 1, Section of bimetallic conductor 


an excellent approximation at low fre¬ 
quencies, departs considerably from the 
actual condition at high frequencies. 

It is the purpose of this investigation to 
develop a more exact theory of skin effect 
for bimetallic conductors with circular 
symmetry, to illustrate the theory by 
using it to calculate for a particular 
copper-covered steel conductor the ratio 
of a-c resistance to d-c resistance and the 
current distribution over a range of 
frequencies, and to check the theory by 
an experimental determination of the 
resistance ratio for the same conductor 
over the selected range. 


In what follows, a general relation is 
developed for the a-c impedance of a 
conductor which has the section shown in 
Figure 1. The interior region I has 
resistivity Pl and permeability Pl ; the 
exterior region II, p 2 and fj, 2 . The de¬ 
veloped relation applies to all other bime¬ 
tallic conductors of circular section, in¬ 
cluding aluminum-covered steel, as well 
as to copper-covered steel. 

In developing the theory it is assumed 
that: 

l- # Each region is homogeneous; that is, 
within each region the permeability and re¬ 
sistivity do not vary from point to point. 

2. . At any point the permeability and resis¬ 
tivity do not vary with time. 

3. The bounding surface between regions 
and the outer surface are circular cylinders. 

4. The conductor carries a sinusoidal cur¬ 
rent. 

5. The conductor is very long and straight 
and the return conductor or conductors are 
either concentric tubes or at such remote dis¬ 
tances that they produce no appreciable 
field within the conductor considered. 

The derivation of the expression for 
the ratio of a-c impedance to d-c resist¬ 
ance is outlined in Appendix A. The 
expression itself, in convenient form for 
calculation, is: 


x-lf-WJcl 

in which P is the per-unit conductivity 
(per cent conductivity dividedby 100), and 
each of the nine quantities A to I is a 
Bessel function expressed as a complex 
number, except for G and J, which are 
quantities simply obtained from Bessel 
functions. Other forms of Bessel func¬ 
tions may be employed, the present 
forms being selected for convenience in 


— = —Fconj 
Pdc 2 ; 


medians of the closed line-to-line voltage 
triangle. This can be proved easily by 
geometric relationships and is true, be¬ 
cause the line-to-neutral voltages must form 
a closed triangle of themselves and therefore 
fix the line-to-line triangle in such a way 
that any line-to-neutral voltage if extended, 
will bisect the opposite side. These rela¬ 
tionships are set forth in Figure 7, which 
gives a direct method of calculating the 
line-to-neutral voltages from the line- 
to-line voltages when there is no zero- 
sequence voltage. Also, a more direct 
method of determining the positive- and 
negative-sequence components is given. 
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2. In Figure 8 are shown certain se¬ 
quence relationships to which reference was 
made in the test. 
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using the Jahnke-Emde tables. 3 The 
quantities are defined as follows: 


co = 27r/ 

= V£I 

«=V- 

" Pi 

&= 

1 P2 


A ^Jotf^bro) 
B=j l/ *JiU l/2 br 2 ) 
C=Ho^(i 1/2 br 2 ) 
D=f/ iffl (i) ( /h b r 2 ) 
E = Joif^bri) 

H=(f/ n -bri) 


F=Mj l/2 bn) 

I __ 3 u 2Pa y ^i(/ /2 gri) 
TpiPi Joif^ari) 


In the above expressions the meter- 
kilogram-second system of units 1 is 
employed. 

The real component of Z ac /i? ic i s the 
ratio of a-c to d-c resistance; the imagi¬ 
nary component is the ratio of the re¬ 
actance arising from the flux within the 
conductor to the d-c resistance. 

The first terms of the numerator and 
denominator, A and B, are the largest 
terms for the cases that have been cal¬ 
culated and can be taken from the tables 
directly in Cartesian form. The other 
terms within the brackets, which are prod¬ 
ucts and quotients, are obtained con- 
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Figure 2. Ratio of a-c to d-c reristance- 
number 10 American wire gauge copper- 
covered steel, 40 per cent conductivity wire 
at 29 degrees centigrade 
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e veniently in polar form. Thus the ar¬ 
rangement in equation 1 is such that 
accuracy is not lost in the most important 
terms by writing them as the products of 
various factors, each of which, taken from 
a table, has some uncertainty in the last 
decimal place. Also if a slide rule is to 
be used, multiplication and division are 
required only in the less significant terms. 

, Another feature of the arrangement 
of the terms in equation 1 is that, by 
dropping terms and making appropriate 
changes in P , the expression gives the 
ratio Z,. c /R dc for solid and hollow homo¬ 
geneous conductors. Thus, if only the 
first terms A and B within the brackets 
are used, and if P is set equal to unity, the 
expression applies to a solid homogeneous 
wire of outer radius -resistivity p 2 > 
and permeability ^ that is, with the 
characteristics of the outer material. 
Likewise, if only the first two terms of 
the numerator and the first two terms of 
the denominator are used with P cor¬ 
responding to an infinite value of p h the 
expression applies to a tubular conductor 
of inner and outer radii r, and r 2 made of 
the outer material. 

Application of the Theory 

To illustrate the use of equation 1 and 
to obtain calculated values of the ratio 
of R ac to R dr for comparison with experi¬ 
mental ones, the equation is applied to a 
particular specimen of number 10 Ameri¬ 
can wire gauge copper-covered steel 40 
per cent conductivity wire supplied by 
the Copperweld Steel Company. 

The quantities r h r 2 , p h p 2 , and p, were 
carefully determined for the conductor 
used. The value of r 2 , the outer radius, 
was found from the average of a large 
number of micrometer measurements; 

Pi, the resistivity of the steel core material’ 
was found from Kelvin-bridge measure¬ 
ments after the copper was removed 
chemically from the composite wire; 

P2, the resistivity of the copper sheath, 
was taken from tables. The value of r[ 
was calculated from the measured d-c 
resistance of the composite conductor and f 
the previously determined values of 


* 2 , p, and p 2 . The permeability p, 0 f 
the core was determined from inductance 
measurements. For this purpose short 
lengths of the steel core were drilled and 
arranged for stringing, as cylindrical 
beads, on a small insulated wire with 
coaxial return. The inductance of the 
wire with and without the steel beads 
was measured by means of an inductance 
bridge, and from these measurements and 
the dimensions the permeability was 
calculated. 

The following values were found: 

r, = 0.1024 X10- 2 meter 
1-2 = 0.1303X10-2 meter 

Pi—27.91 X10 -8 ohm-meter 
P 2 — 1.830 X10“ 8 ohm-meter 

mi = 78.8X4xX10- 7 
M2 = 1.0X4jtX10 _7 

The calculated ratio of a-c to d-c 
resistance as a function of frequency for 
a conductor with the above constants is 
shown by the solid curve in Figure 2. 
Values of frequency were chosen that 
would minimize the necessity for inter¬ 
polation in the tables of Bessel functions. 

When the sc ale of abscissas is expressed 
in terms of Vf/R dc the curve of Figure 2 
will apply to a conductor of any size, 
provided it is made of the same materials 
as the one for which the figure was cal¬ 
culated and has the same ratio of r, to r 2 . 
These conditions also imply the same per 
cent conductivity. Such a scale is given 



Figure 3. Photomicrograph of sect! n of cop- 
per-covered ste I wire 
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Figure 4. Variation of current density with 
distance from center of wire 

at the top of the figure, i?iooo being the 
d-c resistance in ohms per thousand feet. 

Experimental Verification 

The points in Figure 2 were obtained 
experimentally by the method described 
in Appendix B. 

The agreement between calculation 
and experiment is everywhere at least 
within V/o per cent, at most frequencies 
is closer, and thus is well within most 
commercial tolerances. The experimental 
results are believed to be accurate to 
one quarter of one per cent; the cal¬ 
culations to one tenth of one per cent. 
The small discrepancies between cal¬ 
culated and test values are thought to 
have their origin in the departure of 
the actual conductor from the assump¬ 
tions made in the analysis. In the par¬ 
ticular specimen studied the section of the 
steel core is not exactly circular as may 
be seen from the photomicrograph of 
Figure 3. Also, micrometer measure¬ 
ments of the steel core, from which the 
surrounding copper had been removed 
chemically, showed a section of roughly 
elliptic form of major axes 0.075 and 0.085 
inch. Another important departure from 
the assumptions lies in the nonhomo¬ 
geneity of the copper. In the manu¬ 
facture of copper-covered steel con¬ 
ductors, molten copper is poured around 
a steel core, and the resulting billet is 
rolled into rod and then drawn into wire. 
There is evidence that some iron migrates 
into the copper at the junction of the two 
metals, and the presence of even small 
amounts of iron causes an increase in the 
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resistivity of the copper, this increase, 
however, probably being restricted to 
the immediate neighborhood of the 
interface. 

Current Distribution 

The current distribution over the sec¬ 
tion of the conductor, that is, the current 
density as a function of radial distance, is 
given by expressions that are derived in 
Appendix A. The result is shown in 
Figure 4, in which there is given a curve 
proportional to the magnitude of current 
density for frequencies of zero, 10.7, 
42.8, and 131 kilocycles. Current den¬ 
sities are shown in only the outer portion 
of the conductor, the current density 
being small and unimportant in the in¬ 
terior regions at most frequencies. The 
curves are drawn to show the relative 
current densities on the assumption that 
the total current is the same at each of 
the four frequencies. Thus, as the fre¬ 
quency is increased, the current density 
in the interior falls with respect to that 
at the outer surface, and, to maintain 
the same total current, the density at the 
outside surface must increase, and this 
change results in a larger voltage drop 
per-unit length. In fact, the impedance 
drop per-unit length, exclusive of that 
part originating in flux linkages outside 
of the conductor, is proportional to the 
current density at the outside surface. 
Since the current is assumed to be the 
same for all frequencies Z ac /R dc is also 
proportional to this density, shown by the 
ordinate at extreme right of Figure 4. 

The scale of ordinates for Figure 4 is 
chosen so that if the total current were 
distributed uniformly over both the steel 
and copper of the conductor, unit current 
density would result. In terms of this 
unit, at zero frequency the current den¬ 
sity in the steel is 15.5 per cent, in the 
copper 236 per cent, the average, weighted 
with respect to area, being 100 per cent. 
On the other hand, at the highest fre¬ 
quency of the figure, 131 kilocycles, the 
current density at the center is sub¬ 
stantially zero, on the steel side of the 
interface it is 15 per cent (nearly the same 
as before), on the copper side of the inter¬ 
face 231 per cent, and at the outside 
surface 464 per cent. If the current 
densities were averaged over the area of 
the conductor and account were taken of 
the variation of phase as well as magni¬ 
tude, the result would again be 100 per 
cent. 

The regularity of the changes with in¬ 
crease of frequency is not apparent from 
Figure 4; therefore, curves, showing the 
magnitude of the current density G 2 at 
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the outside and G\ at the copper side of 
interface, as functions of frequency are 
given in Figure 5, in which the current 
densities are expressed in terms of the 
average current density as used in Figure 
4. Figure 5 also gives the phase of the 
current density at the interface and at 
the outer surface with respect to the 
total current in the conductor. For the 
interface the angles are lagging; for 
the surface, leading. 

Since the steel carries but a small 
fraction of current, the most convenient 
criterion of the extent of skin effect is 
the ratio of the extreme magnitudes of 
current density in the copper: that is, of 
the ratio of interface density to surface 
density. This is given in Figure G, to¬ 
gether with another curve showing the 
angle by which the interface current 
density lags the surface density. Thus, 
as is shown in the figure, the change of 
phase from the inside to the outside of 
the copper is zero for direct current, 10 
degrees for 10.3 kilocycles, and 82 degrees 
for 131 kilocycles. The corresponding 
change of phase, not shown in the figure, 
from the interface to the center of the 
steel core is zero for direct current, 182 
degrees for 10.3 kilocycles, and 727 de¬ 
grees for 131 kilocycles. 

Figures 4, 5, and 6 are expressed in 
terms of frequency or its square root and 
apply to the specific conductor under 
consideration. However, they, like Fig¬ 
ure 2, could be generalized to apply to 
any other conductor of different radius 
but of the same materials and with the 
same per cent conductivity. 

The study of current distribution 
throws light upon the reasons for the small 
departures of the theoretical curve from 



Figure 5. Magnitude and phase of current 
densities at interface and outer surface 

Transactions 299 





1 . 0 : 



Figure 6. Ratio of interface to surface current 
density, and corresponding phase difference 


copper resistivity would have their 
greatest effect. The small discrepancies 
at the highest frequencies may be caused 
by the lack of agreement between the 
table value and the actual value of the 
resistivity of copper. At these frequen¬ 
cies inaccuracies in the constants and 
Mi of the iron have but little effect on the 
calculated values of R ac /R dc . 

Approximate Method of 
Determining A-C Resistance 

The fact that but a small portion of the 
current flows in the steel core of the con¬ 
ductor in the special case studied, only 
9.5 per cent even at zero frequency, 
suggests a simple approximate method of 
determining the a-c resistance of such a 


there is less than four per cent difference 
between the a-c resistances of composite 
conductor and tube, above 20 kilocycles 
the approximate treatment is as good as 
the accurate one. 

Thus, for many purposes it may be 
sufficiently accurate to treat the copper- 
covered steel conductor as a copper tube 
at the higher frequencies. The d-c re¬ 
sistance is known, and it should be pos¬ 
sible to estimate a transition curve from 
this value to the curve for the tube with 
an error of only a few per cent. 

Comparison of Several Conductors 

Finally, it is of interest to compare the 
a-c resistances of the bimetallic conductor 
and the copper tube with that of a solid 


the experimental points in Figure 2. The 
fact that these departures occur at inter¬ 
mediate frequencies rather than at the 
extremes indicates that they probably 
are caused by inaccuracies associated 
with the interface. At zero frequency 
there is no error, because the constants 
are made to agree with d-c measurements. 
At low frequencies, below ten kilocycles, 
the rise in the resistance ratio is caused 
by a decrease of current density in the 
steel core. The decrease is greatest at 
the center, and there is little change at 
the interface or in the copper; thus, 
conditions at the center determine the 
shape of the curve at the low frequencies. 
On the other hand, at the highest fre¬ 
quencies, 100 to 160 kilocycles, the cur¬ 
rent density in the steel is negligible, 
and that in the interface region is over¬ 
shadowed by the higher current densities 
at the outside surface; thus, conditions 
at the outside surface are predominant in 
determining the curve at the highest 
frequencies. However, at intermediate 
frequencies there is appreciable current 
density on both sides of the interface, 
and it is the change of this density with 
frequency that determines the shape of 
the resistance ratio curve. Thus, at the 
intermediate frequencies the geometric 
irregularity and interfacial rise in the 



Figure 7. Magnitude and phase of the frac¬ 
tion of total current carried by steel core 


conductor, a method in which the current 
in the steel is neglected entirely and the 
resistance of the copper-covered steel 
conductor taken as the resistance of the 
tubular copper shell alone. This latter 
resistance is well known, is obtainable 
from relatively simpler formulas, 4 and 
is to be found conveniently in general 
curves. 4 - 5 

The accuracy of this method depends 
upon two conditions: that the current in 
the steel core contributes but little to 
the total current, and also that it has 
a negligible effect on the current dis¬ 
tribution in the copper. 

The fraction of the total current that is 
carried in the steel core is shown in Figure 
7, also is shown the lagging phase angle 
of the total current in the core behind the 
phase angle of the current caused by the 
conductor as a whole. Starting at 10.5 
per cent of the total current at zero fre¬ 
quency, the core current falls to 4 per 
cent at 10 kilocycles and to 1 per cent 
at 150 kilocycles. Meanwhile the phase 
angle of the core current behind the total 
current increases rapidly from zero to 
about 40 degrees in the first 10 kilocycles, 
and then more slowly to 90 degrees in 
the range from 10 to 150 kilocycles. 

For the special conductor studied, the 
current in the core has a negligible effect 
upon the current distribution in the 
copper. Removing the core would cause 
a discernible change of current density 
only near the interface and this change 
is shown by the dashed curve in Figure 6. 
The difference in the phase change 
through the copper caused by removing 
the core is too small to show in Figure 6. 

Finally, the total effect of treating the 
copper-covered steel conductor as a 
copper tube alone is shown in Figure 2, 
where the a-c resistance of the tube is 
referred to the d-c resistance of the com¬ 
posite conductor, Above 10 kilocycles 


copper wire of the same outside diameter. 
This is done in Figure 8, which gives the 
ratios of the a-c resistances of the re¬ 
spective conductors to the d-c resistance 
of the copper-covered steel. Thus the 
ordinates are also proportional to the a-c 
resistances of the conductors for any 
common length. At zero frequency the 
resistance of the solid wire is 42 per cent, 
that of the tube 111 per cent of the re¬ 
sistance of the copper-covered steel. 
As the frequency increases, the resistance 
of the solid wire increases most rapidly, 
and at 85 kilocycles all conductors have 
approximately the same a-c resistance. 
At frequencies above 85 kilocycles the 
solid wire has the largest resistance as 
shown on the curve, but at still higher 
frequencies beyond the range of Figure 8 
the curves would again coincide, when the 
current in all cases would be confined to 
a thin skin at the outermost boundary. 
From zero to 85 kilocycles the copper- 
covered steel has a lower resistance than 
the copper tube, but, between 85 and 
160 kilocycles, the latter frequency being 
the highest calculated, the copper- 



Fisure 8. Comparison of a-c resistance of 
copper wire, copper tube, and copper- 
covered steel conduct r of same outside 
diameter 
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Figure 9. Circuit for measuring resistance ratio 


The solution 6 of equation 3 in each of 
the regions is 

Gi = CMf^ar) + C 2 Ko(f^ar) 

Gu + Cah(j l/t br) 4- CiKo(f/*br) (8) 

in which the C u C 2 , Cz, and C 4 are constants 
to be determined, and h{j l ^ar), Ko(j l /*ar), 
and so forth, are modified Bessel functions 
of the first and second kind respectively. 

By the first boundary condition C 2 —0. 
The other two conditions permit the evalua¬ 
tion of C 3 and C 4 in terms of C\ which, since 
Ja(0) = 1, is the current density at the center. 
There results 




(9) 


(in which the prime indicates differentiation 
of the function with respect to the argument) 
proves to be useful in reducing the number of 
terms. 

The impedance per-unit length (the re¬ 
actance originating in that part of the flux 
only which is interior to the conductor) is 
the voltage drop per-unit length along the 
surface b divided by the current 6 or 


pA j'/'pjb N(brJ 
I 27rr 2 D{br 2 ) 


(18) 


The d-c resistance is the net resistance of 
core and tube in parallel, and its reciprocal is 



covered steel has a slightly higher re¬ 
sistance than the tube alone. 


Appendix A. Derivation of 
Equations 


The current density in each of the regions 
must satisfy the differential equation 


d*G 1 dG m a){j. 

7 G=0 


(3) 


in which G is a complex number representing 
the magnitude and phase of the current 
density at any distance r from the axis. 
The derivation of the equation may be found 
in numerous treatments of skin effect, for 
example, the textbook by Woodruff . 1 The 
solution must also satisfy the boundary con¬ 
ditions: 


1. At r =0, C remains finite. 

2. At r — n, pG is continuous. 

3. At r — n, (p/p)(dG/dr) is continuous. 

The last two conditions come from the 
field equation 

SB 

CurlE=- ( 4 ) 


which for spatial circular cylindrical sym¬ 
metry, axially flowing currents, and quanti¬ 
ties varying sinusoidally in time reduces to 



(5) 


E being the electric field, and equal to pG. 
Thus 

d(pG) 

—— ~ —'jaB = —jupH (6) 


Since B is not infinite, pG must be cen¬ 
to tinuous. On either side of the interface, p 
is constant so 


pdG 
p dr 


= -jo>H 


(7) 


Although B is not necessarily the same on 
both sides of the interface, H and co are 
the same, hence p/p dG/dr is continuous at 
the interface. 


£11 = Cif^bri—I 0 (f^ari)Ki(j x ^bri)N{br) ( 10 ) 

P2 

where N(br) has been introduced as the 
abbreviation 


N(br) = Uj^br) + ^^. K^br) + 


bpMj'/'brdhif^an) 


apiKiV'/'bnWj'/'an) 
hi h (jJp ( f^brQ 
apJoij'/'ardKdj'S'bn) 


Uj l/l br)~ 


K 0 (j l/i br) (11) 


The current density at the interface is ob¬ 
tained by substitution of n for r in N(br) as 
it occurs in equations 10 and 11 , 


Gi = C 1 j/°br l -I 0 (j'/*ar l )K 1 (.j'/ 1 br l )N(br 1 ) (12) 

P2 

Similarly, at the outer surface where r = r 2 


G 2 = 

P2 (13) 

The total current is 

W Gf\dr-\-2 tt^ Grudr (14) 

which, upon substitution of equations 9 and 
10 , integration, and simplification, gives 


I=2TrC 1 r l r 2 -I 0 (j l /*ari)K i U' A br l )D(br ,) (IS) 

P2 

where D(br) is the abbreviation 

DQ»)-W' /*br)-^^K l{j V* br) + 

6p 2 Zi(// 2 ari)/ 0 (// 2 6ri) 


api/ 0 (/ /2 an)/Ci (j l/ *bri) 


-Iti(i x/ *br) (16) 


The constant coefficients of D(br) are the 
same, except for sign, as the corresponding 
coefficients of N(jbr); also in D(br ) the 
variable Bessel functions h and K\ replace 
I Q and Kq, respectively, in N(br). N(br 2 ) 
becomes the numerator, and D{br 2 ) the 
denominator of the important factor in the 
expression for the resistance ratio. 

In these manipulations the relation 

Io(j' /,! br)Ko , (j 1 / 'br)-Io , (j 1 / t br)K 0 (j'/*br) 



where P is the per-unit conductivity, the 
ratio of the conductance of the actual con¬ 
ductor to that of a solid homogeneous con¬ 
ductor of radius r 2 and resistivity of the 
same length. Thus 


Zgc_ . 1 /fir* p N(brj 
R dc 3 2 D(br 2 ) 


( 20 ) 


The Bessel functions used in these equa¬ 
tions are given in various forms in different 
tables. 3 - 6 * 7 The forms used in the present 
derivation are related to other forms in 
Table I. The Jahnke-Emde tables, which 
give the forms J Q (j l /*Z) t 
H 0 '(f/*Z), j l /*Hi 1 (j l / 2 Z) , were found conven¬ 
ient to use, because both Cartesian and polar 
forms were given, and because less interpo¬ 
lation was required than in other tables 
that were available. Equation 1 gives the 
resistance ratio in terms of these forms. 


Appendix B. Experimental De¬ 
termination of Resistance Ratio 

The ratio of a-c to d-c resistance of the 
specimen of copper-covered steel conductor 
was measured by means of the bridge cir¬ 
cuit shown in Figure 9. The bridge, similar 
to that used by Kcnnelly and Affel 8 con¬ 
tains resistance in two arms, and both re¬ 
sistance and inductance in the other two. 
The bridge is arranged for either alternating 
or direct current. 

Ri and R 2 are matched resistances of 100 
ohms each. L z is a toroidal fixed inductance 
of 35 microhenrys. L\ is a variable inductor, 
with a maximum inductance of 36 micro¬ 
henrys. These inductances are designed to 
balance the bridge with the unknown in and 
out of the circuit. The conductor under 
test has an inductance of 25 microhenrys. 
R s is a Manganin slide wire, selected to have 
negligible skin effect for the range of fre¬ 
quency used, and r is an auxiliary resistance 
for adjusting the position of the sliding con¬ 
tact on R s for balance at different frequen¬ 
cies. The conductor tested is switched out 
of the bridge by a copper bar resting in 
mercury cups. 

The specimen of conductor under test, 
number 10 American wire gauge copper- 
covered steel of nominal 40 per cent con¬ 
ductivity, is mounted on an upright wooden 
frame six by six feet in size. The frame 
holds 77 feet of wire strung up and down with 
a spacing six inches between traverses. 

The source of alternating current, a labo¬ 
ratory oscillator, is connected through a 
shielded transformer which serves to isolate 
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the generator and to match its output to the 
relatively low impedance of the bridge. The 
alternating current through the unknown 
under test conditions varied between 0.04 
and 0.16 ampere over the frequency range 
from zero to 160 kilocycles. The a-c null 
detector is a General Radio-wave analyzer, 
the frequency range of which was changed 
by removing condensers. An external ampli¬ 
fier is used to increase the sensitivity of the 
detector. For d-c balance a battery and 
galvanometer are employed. The experi¬ 
mental work was done in a closed room 
where the temperature was 29 degrees 
centigrade and remained constant to V 2 de¬ 
gree centigrade. 

Measurements are made in the following 
manner: with the bridge unbalanced and 
the unknown in the circuit, a given fre¬ 
quency is applied to the bridge. Then X 4 
and the sliding contact of R s are changed 
alternately to obtain a closer balance, and 
the sensitivity of the detector is increased 
progressively. When both an inductive and 
a resistive balance are obtained, the setting 
of the sliding contact on R s is noted. This 
is expressed as the distance l\ of the contact 
from a reference point. Then this procedure 
is repeated for the same frequency with the 
unknown disconnected from the bridge, and 
the corresponding reading U is noted. The 
resistance of the unknown at the given fre¬ 
quency is* 
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Kh~h) 

where k is a constant which includes the re¬ 
sistance per-unit length of the slide wire. 
The bridge is balanced immediately then on 
direct current, and the difference of the two 
readings is noted. The ratio of the difference 
of the two a-c readings to the difference of 
the two d-c readings is the ratio R ac /R dc 
for the unknown at a given frequency. 

Features which tend to minimize errors 
in the experimental method are: 

l : A1! the components which are varied during a 
given measurement are placed in the same arm of the 
bridge. Thus, smce each measurement involves a 
Wi “ l the unkn °'™ the circuit and 

thCw h , “ nk , n °' Vn out ' the «sidual errors in 
the three unaltered arms cancel. 

2 Coaxial connections to the various components 
are used to minimize stray magnetic coupling Also 
a coaxmi line is used in the detector circuit for 
which purpose the single unit containing R, and R, 

“ mounted on the sliding contact arm If R. ’ 

3 Components are placed far enough apart to 

minimize the effects of stray fields. P ° 

ductile 6 / ed !ndUC , taDCe Ll and the variable i„- 

Checked hv Ur - Cy - 0f the ex P er ' me ntal method 
tained which agree with tLZ Values Were ° b - 

as indicating the order 

art'shown'fnFigare 2 ° Ppe,>Covered steel inductor 


T HE obvious advantages of air circuit 
breakers have led to their widespread 
application, particularly in the 2,500- 
and 5,000-volt class for 100,000- and 
150,000-kva interrupting rating. This 
has in turn brought a demand for lower 
kilovolt-ampere ratings in these voltage 
classes. In the past the oil circuit breaker 
has been the only device economically 
applicable in this particular field. How¬ 
ever, progress in design and manufactur¬ 
ing facilities has made it possible to build 
a 50,000-kva unit lower in cost than would 
have been considered feasible two years 
ago and one which is expected to meet 
the operating requirements in this field. 

The interrupter is of the magnetic De¬ 
ion type and is illustrated schematically 
in Figure 1. Briefly, the theory of opera¬ 
tion of' this type of breaker embodies the 
use of spaced insulating plates of nongas¬ 
forming material having tapered slots 
into which the arc is moved by a magnetic 
field. As the arc moves into the narrow 
portion of the slot, electrons in the arc 
stream, attaining a high velocity from 
the magnetic field, bombard the gas 
particles of the arc stream and require the 
arc continuously to ionize fresh gas in 
considerable quantities. When current 
zero is reached, this action continues 
sufficiently to deionize the plurality of 
short lengths of arc near the edges of the 
plates, thereby establishing sufficient 
dielectric strength to interrupt the cir¬ 
cuit. 

In the design of the 50,000-kva breaker 
the insulating plates are made of a high 
heat-shock resisting material as in pre¬ 
vious designs. 2 On account of the lower 
short-circuit currents for this rating it 
was possible to reduce the thickness and 
width of these plates to two-thirds that 


of the higher interrupting ratings. For 
this reason also it was possible to space 
the plates about 30 per cent closer to¬ 
gether. 

In order further to reduce the size of 
the arc chute, the number of plates was 
reduced. The required volts-per-plate 
interrupting ability was then obtained 
by increasing the magnetic field. In do¬ 
ing this, the number of turns on the 
blow-in coil was increased from 6 to 18. 
This gave a considerable increase in the 
magnetic field which in turn increased 
the voltage per plate. 

This combination of design features 
sufficiently reduced the size of the are 
chamber to permit the over-all breaker 
design to be comparable in size with the 
corresponding oil breaker. 

Figure 2 illustrates the breaker as built 
for metal-clad use. It will be noted that, 
the contacts represent a departure from 
previous practice on small air circuit 
breakers in that they are of the parallel 
blade type, resembling disconnecting 
switch construction. The hinged joint 
at the bottom of the blades is of the 
spring-pressure type with silver surfaces. 

The main contact surfaces of the 
blades are of a type previously developed 
for disconnecting switches and have 
proved very reliable in that service. 
The main contact surfaces arc integral 
with the blades, and hence joints be¬ 
tween these parts are eliminated. 

The movable contact blades are oper- 
ated through a simple linkage by a 

Paper 43-44, recommended by the AIISIS committee 
on protective devices for presentation at the AIFK 
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mechanically trip-free solenoid mecha¬ 
nism previously applied to oil breakers. 
Thus, the control circuits may follow 
established practice in all respects. 

The unit illustrated in Figure 2A and 
2B is designed to be rolled into the oper¬ 
ating and test positions on wheels located 
on the main frame of the breaker only a 
few inches below the disconnecting con¬ 
tacts. This gives a close mechanical 
relationship between the disconnecting 
contact load, the drive-in force, and the 
load on the rails. 

Tests 

In line with modern switchgear-design 
practice where high-power laboratory 
facilities are available, numerous inter¬ 
rupting tests were made in the develop¬ 
ment of the breaker. Table I shows 
representative results of a typical series 
of three-phase tests on the breaker in its 
final form. It will be noted that the 
maximum kilovolt-amperes interrupted 
is approximately 60,000 at 4,800 volts, 
three phase. Figure 3 shows a typical 
oscillogram taken at 7,300 amperes and 
4,800 volts, three phase. 

The interruption of low currents at 
low power factor, corresponding to mag¬ 
netizing currents, was investigated. The 
arcing time of the breaker extends to ap¬ 
proximately 30 cycles on account of the 
low magnetic forces for moving the arc 
from the contacts into the arc chute. 
Since the arc chute is mounted directly 
above the breaker contacts, convection 
air currents assist in moving the arc, 
and this results in positive and consistent 
operation. Figure 4 shows a typical os¬ 
cillogram taken at 20 amperes and 4,100 
volts on a single pole. 

Metal-Clad Switchgear Unit 

To utilize the new 50,000-kva oilless 
breaker, a new horizontal drawout metal- 
clad switchgear unit has been designed. 
It incorporates the associated bus, in- 



Figure 1. Schematic 
illustration of typical 
magnetic De-ion in¬ 
terrupter 

The dotted lines 1, 
2, 3, 4 , 5/ and 6 in¬ 
dicate progressive 
positions of arc in¬ 
terruption 


strument transformers, instruments, and 
relays in a switching structure for the 
control and protection of power distribu¬ 
tion of circuits and associated electric 
apparatus. Figure 6 shows the air-breaker 
unit on the transfer truck in position to 
be placed in the housing. 

Design Specification 

In designing such a unit the following 
essential requirements had to be met: 

(a) . Compact design, still retaining best 
performance of circuit breaker under normal 
current-carrying and interrupting duty and 
mounting security. 

( b ) . Safety and convenience in installation 
and operation. 

(c) . Accessibility for maintenance. 

( d ) . Simplicity and minimum cost. 


A —Magnet coil 
B —Iron yoke 
C—Panel-end horn 
D —Insulation plates 
E —Laminated iron 
shoes 

F —Outline of arc 
chamber 
G —Arc shield 
H —Arcing horn 


/—Shunt strap 
J —Moving contact 
arm and arcing con¬ 
tact 

K —Arcing and 

s econdary-contact 
platform 

L —Micarta bushing 
M —Upper stud 


The metal-clad structure design should be 
such as not to reduce the effectiveness of 
the circuit breaker as measured by its 
performance unenclosed. To accomplish 
this, clearances and ventilation must be 
adequate and the arc gases freely vented. 
The mounting for the circuit breaker 
must secure it accurately and rigidly 
in its operating position to insure correct 
alignment of disconnecting devices and 
to prevent undue vibration and move¬ 
ment in service. 

The horizontal drawout mounting is 
particularly adapted to air circuit 
breakers, since it permits a horizontal 
contact break and utilizes the definite 
tendency of the arc to rise and thus move 
naturally into the deionizing chamber. 
It also gives more ready accessibility to 
the breaker to permit quick superficial 
inspection. 

All live parts should be enclosed in 



Table 1. 

Interrupting Tests on 50,000-Kva Air Breaker 


Test 

Voltage 

Current Interrupted 

Phase 1 Phase 2 Phase 3 

Average 

Megavolt- 

Amperes 

Operation 

4,800. . . . 

- 6,000_ 

_ 7,900_ 

_ 8,100. . . . 

.... 7,300. . . 

.... 60.8_ 

. .. . O 

4,800. . . . 

_ 6,600_ 

. . . . 7,900. . . . 

... 7,200_ 

. .. 7,200. . . 

. . . .60,0... 

O 

4,800. . . . 

- 6,700_ 

. . , . 7,700_ 

. . . 6,700. . . . 

... 7 non 

58 ? 

0 

4,800. . . . 

_ 6,900_ 

.... 7,700_ 

. , . 9,700_ 

.. 8 , 100 .. . 

58 2 

ro " 

4,150. . . . 

_ 8,600. . . . 

. . . . 6,800_ 

. . . 6,800_ 

. . . 7,400. . , 

fl3 2 

co 

4,160. . . . 

_ 6,200_ 

. . . . 7,700_ 

... 7,900_ 

. . . 7 '300 . . . 

_ 60.8..!. 

'.’/.CO 

4,800. . . . 

_ 7,900. . . . 

. . . . 5,800_ 

. . . 6,800. , . . 

. . . 6,800 

56 6 

CO 

4,800. 

_ 6,000_ 

. . . . 6,200_ 

. . . 7,900. . , . 

6 700 

55 8 

CO 

4,700. 

_ 2,400_ 

_ 1,700, . . . 

1 000 




4,800. 

.... 2,100_ 

_ 1,700_ 

... 1300 ..!! 

... 1,900 . . . 

.15.8_ 

. . . CO 
. , . CO 

4,800. 

_ 490_ 

- 430_ 

580. . . 

470 

3 0 

cn 

4,800. 

_ 540_ 

.... 3G0_ 

480 

460. 

..38 

• . . 

rn 

4,800. 

_ 1,030_ 

_ 1,010_ 

... 070.... 

. . . 1,000. ! 

.... 8 . 3 !!!! 

. . . L-U 

... CO 

4,800. 

_ 2,000_ 

_ 2,200.... 

. . . 2,200, . , . 

... 2,100.. . 

....17.5.... 

CO 

2,200. . . . 

_17,400_ 

. . . .12,600_ 

. . . 18,700. . , . 

. . .10,200. . . 

_01.8_ 

... CO 

2,200. 

_18,500_ 

_13,100_ 

. . .15,500_ 

. . .1,5,700. . . 

_60.0_ 

... CO 

2,200. 

_16,200. . . . 

_12,100. . . . 

. .. 17,300. . . . 

, . . 15,200 

.... 58 0... 

CO 

2,200. 

. . . .16,200_ 

-12,600_ 

. . .17,300_ 

. . . 15,400 .’ ! 

_ 58.8....' 

... CO 

2,200. 

-17,400_ 

_14,400_ 

. . .14,100_ 

. . . 15,300. . . 

_58.2_ 

, , , CO 

5,000. 

.. . . 4,700_ 

. . . . 5,100_ 

. . . 4,700_ 

. . . 4,800. . . 

....41.6.... 

... CO 

5,000. 

- 5,200.... 

- 3,800. . . . 

. . . . 5.300_ 

. . . 4,800. . . 

_41.6_ 

. ..CO 


O —Open. 

CO —Close-open. 


Table II. Interrupting Tests on 50,000-Kva Breaker Assembled in Metal-Clad Switchgear Unit 


Test 

Voltage 


Current Interrupted 

Phase 1 Phase 2 Phase 3 Average 


Megavolt- 

Amperes Operation 


5 ' 000 .5,515.5,890.6,495. 

5 > 000 .5,290.6,240.6,940. 

5.000.5,890.6,450.7 710 . 

5i ° 00 .7,530.5,760.5,850. 

5 - Q0 °.7,550. . .5,690.7,200. 

CO —Close—open. 


. . ,5,967. . . 
. . .6,217. . . 
. . .6,683. . . 
. . .6,380. . . 

. . .6,880. . . 


.51.6 . CO 

.53.9.CO 

.57,8 . CO 

.55.2. CO 

.59.5. CO 


June 1943, Volume 62 


Dickinson , Hay ford—Oilless Circuit Breaker 


Transactions 303 
























































































































Figure 2A- Removable breaker /or 600-ampere 
5,000-volt 50,000-kva metal-clad switchgear unit 

One arc chute shown removed at the lower right 


Figure 2B. Rear view of removable air- 
circuit-breaker unit 


grounded metal compartments, and 
covers should be provided to give access 
to each portion of the circuit separately, 
without exposing any other circuit. The 
structure must be built ruggedly to with¬ 
stand shipping stresses and to permit 
handling as a complete assembly without 
causing misalignment, so that it can be 
shipped in as large unit groups as pos¬ 
sible. 

Operation should be simple, since the 
application for this size breaker is quite 
largely in small stations where highly 
trained personnel is not available. 

General Description of Metal-Clad 
Unit 

The steel housing consists of a welded 
structural frame with sheet-steel barriers 
dividing the unit into three principal 
mgh-voltage compartments for the bus, 
circuit breaker, and current transformers’ 
together with the main cable terminals.’ 

, com P ,ete uni ts are separated from 
each other by sheet-steel barriers, and 
the bus opening through this barrier is 
entirely covered by the Micarta in- 
filiating support in order to divide the bus 
compartment into unit lengths. 

/ he , busses ail d connections are in¬ 
sulated completely with Micarta and 
; armshed cambric as shown in Figure 7 

"IT b “ S j ° intS are insulated with 
molded enclosures, which are clamped 

the joint by means of tapered kevs 

t«» 7 th inSUkting com Pound 

. the i° mts and make the bus in¬ 
itiation continuous. All joints in busses 
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and connections are silver-surfaced to 
maintain permanently high conductivity. 

The highly important primary dis¬ 
connecting devices consist of flexible 
finger assemblies mounted directly on the 
ends of the removable breaker-unit bush¬ 
ings and cylindrical studs mounted in 
insulating tubes in the housing to provide 
insulation between phases and to shield 
them from accidental contact, as Figure 
8 shows. The flexible finger assembly 
consists of bridging segments which make 
point contacts on the breaker bushing 
at one end and on the cell stud at the 
other end, when in the engaged position. 

A new form of segment is used which is 
profiled, so that each segment makes two 
points of contact at each end to reduce 
millivolt drop. High unit pressure is 
obtained by flat springs located between 
an encircling ring and the contact seg¬ 
ments in order to exert radial pressure 
mward on each segment. It will be 
noted that since each spring exerts radial 
pressure on its own segment independ¬ 
ently of the others, the contact pressure 
exerted is independent of the number of 
segments used, so that various contact 
capacities can be obtained by using 
different multiples of the same segments 
and springs. Contact surfaces are heavily 
silver-plated to insure permanently low 
resistance. 

The hinged panels on the front provide 
space for mounting instruments, relays 
control switches, and other panel devices 
to form a completely self-contained 
switching unit as shown in Figure 9. The 
control and secondary circuits are com- 

Dickinson, Hayford—Oilless Circuit Breaker 


Figure 3. Oscillogram showing interruption 
of 7,300 amperes at 4,800 volts, three phase, 
60 cycles on the 50,000-kva oilless circuit 
breaker 

A —Voltage, phase 3 
B Current, phase 3 
C—Voltage, phase 2 
D— Current, phase 2 
E —Voltage, phase 1 
F— Current, phase 1 

pleted to the breaker unit by means of a 
multipoint plug and receptacle-type con¬ 
tact. Figure 10 shows the plug assembly 
on the breaker unit mounted on a novel 
sliding member with sufficient travel to 
permit re-engaging it for test when the 
breaker unit is moved to the test position 
with the main contacts disengaged. The 
contacts engage automatically in the 
operating position, and the sliding mount¬ 
ing is latched, so that they disengage 



Figure 4. Oscillograms showing typical low- 
current low-power-factor interruption 

Current 20 amperes at 4,100 volts across a 
single pole 
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A, Front view 




Figure 5 (above). Outline of 
metalclad unit 

Frontview and section drawing 
showing isolation between 
high-voltage compartments of 
housing 

1. Control panel 

2. Hinged door (instrument 
panel) 

3. Cross wiring 

4. Potential transformer 

5. Removable cover 

6. Current transformer 

7. Terminal block 

8. Secondary contact 

9. Hinged barrier 

10. Transfer truck 


Figure 6 (left). Metal-clad 
switchgear housing with air 
circuit breaker on transfer truck 
in position to enteV 

Lever operated elevating de¬ 
vice of transfer truck permits 
lowering unit to floor or pick¬ 
ing up 



Figure 7. Insulated bus and connections 
assembly 


point, a single rugged worm-and-gear 
levering device is used to move the 
breaker unit into and out of the operating 
position. The worm mechanism is self- 
locking and holds the removable unit 
securely in the operating position. A 
notched cam on the levering-device shaft 
prevents moving the breaker into or out 
of engagement with the disconnecting 
contacts, unless the breaker is in the open 
position, and permits breaker operation 
only in the operating and test positions. 
(See Figure 11.) 

Tests on Assembled Switchgear 

Supplementing the detail tests made 
on the separate circuit breaker, tests were 
made in the metal-clad housing at 
maximum interrupting rating. In addi¬ 
tion, a series of repetitive moderate 
interrupting-duty tests was made to 
simulate typical motor-inching duty 
where starting current is opened and 
closed several times in rapid succession. 
High-current tests were made as shown 
in Table II. Twenty-five close-open 
tests with nine-second intervals were 

Figure 8. Details of primary disconnecting 
contact showing both stationary and moving 
members 


normally when the unit is withdrawn to 
the test position. 

The removable unit, comprising the 
circuit breaker and its frame support, is 
carried on flanged rollers which engage 
the track in the housing. It is trans¬ 
ported and placed in position by means 
of an auxiliary transfer truck equipped 
with a simple lever-type elevator of 
limited movement, which will raise the 
unit from the floor and lower it to posi¬ 
tion on the housing rails. From this 
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Figure 9 (left). A 
typical metal-clad 
assembly for control 
of two generator and 
four feeder circuits 


Auxiliary sections 
are used to mount 
the voltage regula¬ 
tor and excitation 
control equipment 


assembly on remov- 

tact block mounted 
on sliding support to permit engag¬ 
ing control circuits with the breaker 
unit in the test position 


mrnmm 


made at approximately 1,500 amperes to 
simulate repetitive duty on typical 
motor-starting inrush current. These 
tests were made too rapidly to permit 
taking oscillographic records of current. 

Careful examination and inspection 
during and after the tests showed that 
the enclosing housing has adequate 
clearance and ventilation to insure the 
best performance of the circuit breaker 


and that the connection and bus struc¬ 
tures and breaker support are entirely 
adequate. Figure 11 shows the condition 
of the breaker contacts after the series 
of tests. 

In addition, momentary current tests 


at the maximum short-time rating of 
25,000 amperes were made on the as¬ 
sembled structure and circuit breaker to 
prove that the mechanical and thermal 
capacity was adequate. Dielectric tests 
at 19 kv, 60 cycles for one minute and 60 
kv impulse were made in accordance with 
the proposed insulation levels for this 
class of equipment. 


Conclusion 


Extensive development work and care¬ 
ful cost-analysis work on the larger sizes 
of air circuit breakers have made it 
possible to produce a 50,000-kva unit 
comparable in size, weight, and use of 
critical material with the corresponding 
oil-circuit-breaker unit. This makes the 
obvious advantages in maintenance, 
safety, and convenience of air-type in¬ 
terrupting devices available for applica¬ 
tions to smaller generating and dis¬ 
tribution stations, industrial plants, and 
unit substations. 
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Figure 11. Breaker contacts 
after series of 73 close-open 
operations, 26 of which were 
at or above rated interrupting 
capacity 
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Factors 


Affecting the Design of 
D-C Magnets 


hysteresis loop before and after holding 
the steel at 100 degrees centigrade for 600 
hours. 

Common stamping steel is the most 
widely used for d-c magnets because of its 
low cost and its desirable mechanical 


L. T. RADER 

ASSOCIATE AIEE 


Synopsis: This paper outlines some of the 
factors which should be considered in the 
design of d-c magnets. The usual types of 
steel used are briefly discussed, including 
their influence on "sticking” or residual 
forces. Calculated curves are presented 
which show the influence of pole-face area 
on the force developed by the magnet. 
Flux measurements on a number of magnets 
show that theoretical calculations are often 
in great error because of factors such as 
leakage and saturation which are usually 
neglected. Data show that the flux in a 
d-c magnet with a small air gap may vary 
by as much as 300 per cent between one 
part of the circuit and another. 

D -C magnet design is of tremendous im¬ 
portance today because of the almost 
exclusive use of d-c power in mobile 
equipment such as tanks and airplanes. 
Magnets are the backbone of the d-c 
control systems, for, when energized by 
push buttons or interlocks, they furnish 
the power to operate contactors and re¬ 
lays of all descriptions or to perform 
strictly mechanical functions, such as 
actuating firing pins or locking devices. 
With applications such as these, new re¬ 
quirements have arisen. Chief of these 
are light weight, minimum volume, in¬ 
sensitivity to vibration with the magnet 
open or closed, and higher operating 
temperatures. 


these, leakage appears to bear an impor¬ 
tance not previously suspected. Flux 
measurements have been taken on a large 
number of magnets to show their mag¬ 
nitude. The results of some of these 
measurements are discussed. 

Steels 

At present, the four general kinds of 
steel which are considered for use in the 
usual design of d-c magnets are: 

1. Cold rolled or stamping steel. 

2. Silicon steel. 

3. Low metalloid steel or ingot iron. 

4. High-saturation steel such as 50 per 
cent cobalt, 50 per cent iron. 

Tables I and II list the magnetic prop¬ 
erties of these steels. The term, “aging 
factor,” which appears in Table I is de¬ 
fined as the per cent increase in hysteresis 
loss which occurs to a steel with time. As 
applied to d-c magnet design, an increase 
in the hysteresis-loop area is significant 
principally in the second quadrant, where 
an increased area means an increase in 
external energy and in coercive force. An 
accepted laboratory method of finding 
the aging factor is to measure the d-c 


qualities. It is readily drawn, punched, 
or formed, and is available in a large 
variety of forms and sizes. Its main dis¬ 
advantage is that it is not sold as a mag¬ 
netic steel; the mills do not guarantee 
magnetic qualities. Large variations, 
therefore, can and do occur in the mag¬ 
netic quality of this steel. In genei*al, in 
the annealed condition, it has a better 
magnetization curve for the higher densi¬ 
ties and a higher saturation value than the 
silicon steels. However, its coercive force 
is high; its available external energy is 
high, and its aging factor is large. A 
design using this material must be 
checked carefully, not only for residual 
forces which exist at the time of manu¬ 
facture, but also for increased forces which 
may develop because of aging. 

As the percentage of silicon in steel in¬ 
creases, the saturation curve becomes 
poorer, and the intrinsic saturation falls. 
The silicon steels are also harder to fabri¬ 
cate. These disadvantages are offset by 
the fact that these steels are sold with 
specified magnetic properties and are of 
consistent quality. As the silicon content 
increases, the aging factor decreases, the 
largest aging factor for a silicon steel being 
considerably less than for common stamp¬ 
ing steel. The coercive force and external 
energy are likewise considerably less. 

Ingot or Armco iron is the purest form 
of iron sold commercially. When properly 


Although d-c magnet design is an old 
subject, there appears to be very little 
literature on it which is of help to the de¬ 
signer. Text books 1 give an adequate 
presentation of theoretical principles in¬ 
volved, but assumptions which must be 
made to solve a problem theoretically are 
more often than not the dominant con¬ 
siderations in practical design. The tre¬ 
mendous diversity of design requirements 
has led to a large number of different 
forms of magnets dictated by device opera¬ 
tion and requirements. It is impossible 
to find a design procedure suitable for all 
cases, but the same factors, such as satu¬ 
ration, leakage, residual forces, and kind 


Tabic I. Magnetic Properties of D-C Magnet Steels 


Kind 

of Alloying Constituent 

Steel (Per Cent) 


Common.0.25 silicon maximum 

Silicon A .0.25-0.75 silicon .... 

Silicon B .0.75-1.25 silicon. . . . 

Silicon C. > . . . .2.50—3,0 silicon. .... 

Ingot iron.None. 

Cobalt.50 cobalt. 


Intrinsic 





Saturation 





(Kilolines 


Residual 



Per 

Aging 

Induction 

Coercive 

External 

Square 

Factor 

(Kilo- 

Force 

Energy 

Inch) 

(Per Cent) 

gausses) 

(Oersteds) 

(Maximum 

133 . . . 

... 15 .... 

... 7,0 

_1.5 ... 

. . . 4,650 

..132.3... 

... 8 .... 

... 8.37., 

_0.80.. . 

. . . 3,450 

..131.5... 

... 5 .... 

... 8.0 .. 

_0.70.. , 

. . . 2,400 

. . 126 

... 3 .... 

. . . 8.1 

_0.67. . . 

. . . 2,450 

,.135.5... 

. . .Varies,... 

.. . 7.5 

_1.05.. . 

. . . 2,330 

..148 ... 


...16.5 . . 

....3.5 .,. 

. . .25,800 


Table II. Magnetization Data for D-C Magnet Steels 


Total Flux Density (Kilolines Per Square Inch) 


of steel, must be considered in each. Of 
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December 21, 1942. 

L, T. Rader is design engineer in the industrial 
control engineering department, General Electric 
Company, Schenectady, N. Y. 


Kind 

of 

Steel 


10 30 50 70 80 85 90 95 100 105 110 115 120 

Magnetizing Force (Ampere Turns Per Inch) 


Common. 
Silicon A . 
Silicon B. 
Silicon C. 
Ingot iron 
Cobalt. . . 


. 1.98..3.55..5.1 ..8.1..11.1..14 l 
.1.17..2.05..3.35..6.2..10.3..] 


.1.10 1.79..3.1 ..6.4. 

.1.2 ..2.3 ..3.5 ..52 
■2.6 ..4.4 ..5.3 .,6.0.. 


6.6.. 7.5 

6.3.. 6.6 


.19.2..28 . 

45 . 

. 77 . 

.130 . 

. 235 . 

. 355 

,22.5..38 . 

66 . 

.120 . 

. 192 . 

.290 . 

.420 

.22.5..39 , 

69 . 

.120 . 

.195 . 

.300 , 

. 430 

.34 ..65 . 

.116 . 

.187 

.280 . 

.410 . 

. 570 

. 8.9,.12.0., 

. 21.5. 

. 55 . 

.115 . 

. 165 . 

.257 

. 0.9.. 7.4. 

, 8.1. 

. 9.0. 

. 10,. 5. 

. 12.5. 

. 15. 
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annealed, it has the best magnetization 
curve and the highest intrinsic saturation 
value of the usual steels. It is ductile 
and tough, but readily forged, machined, 
or welded. Its external energy curve is 
low. Its magnetic qualities tend to be 
influenced considerably by the type of 
anneal which it receives. Its main dis¬ 
advantages are its relatively high cost and 
lack of availability in various forms and 
sizes. 

The use of special high-saturation steels 
is not so widespread as might be supposed, 
because of the relative difficulty of obtain¬ 
ing them, together with their high cost, 
poor machining properties, and high 
coercive force and residual induction. 
However, as Tables I and II show, a 50 
per cent cobalt, 50 per cent iron has a 
remarkably good induction curve and 
high intrinsic saturation. 



A. Clapper or pivoted armature 



B. Solenoid 

Figure 1. Types of d-c magnets 


In all d-c designs, especially in those 
using stamping steel, it is essential for 
consistent performance that an air gap be 
in the circuit between the armature and 
pole face. The order of magnitude of 
residual forces is often underestimated. 
In one case a magnetic circuit of ingot iron 
weighing five pounds two ounces was 
found to have 33 pounds residual force 
when there was no air gap in the circuit. 
In another case a small relay using an¬ 
nealed stamping steel weighing 32 grams 
had a measured residual force of 112 
grams. When a magnet operates, the 
repetitive shock of one part on another, 
together with the simultaneous applica¬ 
tion of magnetic field, tends to increase 
the coercive force. It has been found in 
practice that this increase may be con¬ 
siderably more than the aging factor 
would indicate. 
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Classification of D-C Magnets 

D-c magnets can be classified into two 
general groups: 

1. Clapper or pivoted armature type. 

2. Solenoid or pot type. 

A typical form of clapper magnet is 
shown in Figure 1A. An armature is 
pivoted on one face of a U-shaped piece 
and rotates through an air gap to strike 
a pole face. The coil may be placed on 
any leg of the core. In Figure IB is 
shown a solenoid-type magnet in which a 
plunger, usually circular, moves within 
a coil to strike a core or head finally. 

Design requirements for a magnet are 
usually: 

1. It should give a force-versus-stroke 
curve suitable for the particular require¬ 
ment. 

2. It should utilize to the fullest extent 
every ounce of iron and copper in the mag¬ 
net. 

3. It always should release under the action 
of the restoring spring when de-energized. 

These requirements determine whether a 
clapper or solenoid magnet will be used. 
The shape of the pull curve of a clapper 
magnet can be changed by varying the 
pole-face area; that of a solenoid type 
by using some variation of a stepped 
plunger or conical plunger. 

Force Formula 

In order to find the flux in a circuit con¬ 
sisting of an iron path in series with a 
short air gap, a trial-and-error method is 
usually employed. A value of flux is as¬ 
sumed; the various magnetomotive-force 
drops are found, and their total compared 
to the applied magnetomotive force. A 
result sufficiently accurate can be ob¬ 
tained usually in two or three trials. 
When the flux is found, the force between 
faces is obtained from 



where F is the force in dynes, B the air 
gap flux-density in gausses, and A is the 
area in square centimeters. This formula 
is the one occurring most frequently in 
texts and is apt to be misleading when the 
assumptions on which it is based are 
neglected. When saturation in the iron is 
ne g%ible, equation 1 reduces to 

_ (0-4t tNI) 2 A 

87tA 8t rA L 2 ^ 

where 4> is the total flux crossing the air 
gap, NI the ampere turns applied to the 
circuit, and L the length of the air-gap 
centimeters. 
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Fisure 2. Effect of pole-face area on pull for 
various air gaps 


A. 0.060-Inch gap 

B. 0.090-inch gap 

C. 0.120-inch gap 



POLE FACE AREA“ SQUARE INCHES 

Figure 3. Effect of pole-face area on pull for 
various lengths of magnetic paths 

A. 7.5 inches 

B. 10.0 inches 

C 12.5 inches 

Equation 2 is a much more accurate 
form to use when drawing conclusions of 
the effect on the force of changing physical 
dimensions. This equation states that if 
there is no magnetomotive-force drop in 
the iron, the force varies directly as the 
face area, directly as the magnetomotive 
force squared, and inversely as the air 
gap squared. 
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Optimum Pole-Face Area 

It is seldom economical to operate a 
magnet so low in flux density that the 
magnetomotive-force drop in the iron can 
be neglected. In general, then, when 
saturation is taken into account, it is pos¬ 
sible to show analytically that there is a 
pole-face area which will give the maxi¬ 
mum pull for any one particular set of 
conditions. The method involves finding 
a suitable expression for the B, H curve, 
solving for B in the particular circuit, and 
then substituting for B 2 in the force 
equation. This equation may be differ- 

* 30 |- 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 



POLE FACE AREA-SQUARE INCHES 


Figure 4. Effect of pole-face area on pull for 
various impressed magnetomotive forces 

A. 2,500 ampere turns 

B. 2,000 ampere turns 

C. 1,500 ampere turns 

entiated then with respect to the pole-face 
area to find the area for maximum pull. 
This method is long and tedious. It is 
faster and more accurate, as soon as a 
little experience has been gained, to solve 
a circuit by a trial-and-error method, using 
the saturation curve of the steel involved. 
To illustrate the results obtained by this 
latter method, the following example was 
worked out: A magnetic circuit was as¬ 
sumed to consist of a ten-inch iron path 
in series with an air gap of 0.060 inch, 
0.090 inch, and 0.120 inch with 2,000 
ampere turns applied to the circuit. Two 
assumptions were made: 

1. The ampere turns per inch of iron cir¬ 
cuit were constant. 

2. There was no fringing in the air gap. 

In view of data which are presented 
later, it will be seen that these two as¬ 
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sumptions introduce large errors. They 
are, however, necessary for a theoretical 
solution which must be arrived at without 
the aid of any experimental data. Figure 
2 shows the results obtained. It should be 
noted that the area for maximum pull 
varies for different air gaps. This point is 
of great importance for it means that each 
magnet design can be shaped for a par¬ 
ticular requirement. 

In the operation of d-c contactors it is a 
desirable characteristic to have the forces 
such that the armature will not hesitate 
when the contact tips first touch. By 
using the proper core head, the force 


wire were wound on the frame and arma¬ 
ture as shown at positions a , b, c , and d. 
The coil at b was wound very carefully 
as close to the air gap as possible and 
gave flux values which were taken as the 
air-gap flux. Data were taken on three 
such magnets, of the same proportions 
but of different sizes, which weighed 
about 8, 12, and 20 ounces. Various 
ampere turns were applied to the main 
coil; the flux in each of the search coils 
was then read for various air gaps. All 
flux data were taken in an engineering 
laboratory with a ballistic galvanometer. 
Using the measured values of density, 


Figure 5. Form of d-c magnet 
used in studying flux variations 




generated can be kept low in the fully 
open position and made a maximum at the 
point where the contact forces begin, so 
that, when the armature once starts to 
move, it carries the tips through their 
kiss-and-wipe position without hesita¬ 
tion. Figure 3 shows the result of varying 
the length of iron path for the case when 
the iron cross section is one square inch, 
the applied ampere turns 2,000, and the 
air gap 0.060 inch. Figure 4 shows the 
effect of impressing various magneto¬ 
motive forces on a magnetic circuit of 
ten-inch iron length, 0.60-inch air gap, 
and one square inch cross section. As 
the applied magnetomotive force is in¬ 
creased, the pole-face area for maximum 
pull decreases. 

In certain devices such as telephone re¬ 
lays, where the flux density is often very 
low, the pull of a magnet follows equa¬ 
tion 2. The size of the head or pole face 
can then be increased until the leakage, 
which is introduced because of the larger 
head, becomes a limiting factor. An ex¬ 
ample of this case using an equivalent 
electric-circuit analogy is treated in the 
literature. 2 

Air-Gap and Leakage Flux— 
Experimental Data 

Figure 5 shows a type of clapper mag¬ 
net whose proportions are to scale, which 
was investigated to obtain data on the 
distribution of flux in the circuit. Search 
coils consisting of five turns of 0.005E 
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the magnetomotive-force drop in the iron 
was found and subtracted from the ap¬ 
plied magnetomotive force. The net 
magnetomotive force was used to calcu¬ 
late the flux which should cross the air 
gap, assuming no fringing. 

The results obtained are shown in 
Figure 6 where A, B, and C represent the 
three different sizes of magnet. It should 
be noted that the equivalent fringing fac¬ 
tor which may be taken as the ratio of 
measured-to-calculated flux is not con¬ 
stant but decreases with increasing den¬ 
sity—probably because of local satura¬ 
tion at the edges of the pole face. For 
magnets A and B the pole-face thickness, 
which, as shown on Figure 5, is the end- 
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Figure 6. Ratio of measured to calculated air- 
gap flux for various impressed magnetomotive 
forces 
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plate thickness, was 0.094 inch. For 
magnet C the thickness was 0.125 inch. 
Because of the limited amount of data 
taken so far on this type of structure, no 
attempt has been made to determine 
fringing coefficients as a function of the 
air-gap dimensions. Figure 5, however, 
shows clearly the great error which would 
result if the air-gap flux is calculated on 
the basis of no fringing, even for the case 
where the separation is only 33 per cent 
of the pole-face thickness. 

Table III shows the ratio of the total 
measured flux in the core (the average 
of search coils c and d) to the total meas¬ 
ured flux in the air gap. In these three 
magnets the core was about 25 per cent 
larger in cross section than the rest of the 
magnetic circuit, but the density due to 
leakage is seen to be very much greater 
than this increased section can accom¬ 
modate without excessive magnetomotive- 
force drop. 

That these large leakage factors are not 
peculiar to the type of magnet illustrated 
m Figure 5 is shown from data which have 
been taken on other types. Readings ob¬ 
tained on a magnet similar to Figure 1A, 
except with a long thin coil and smaller 
separation between the legs of the core, 
showed a ratio of flux measured at the 
center of the coil to flux measured at the 
pole face of 250 per cent to 333 per cent 
over the operating gaps of the magnet. 


In a solenoid-type magnet, such as 
Figure IB, the ratio of maximum flux in 
the circuit to the useful flux crossing the 
air gap was found to be 150 per cent. 

These leakage figures, of course, vary 
with the dimensions employed. No 
attempt here is being made to compare the 
leakages for various constructions. The 
only fact which is being presented is that 
leakage flux ind-c magnetic devices is of an 
order of magnitude which makes it neces¬ 
sary that their effect be considered in the 
design. The often seen assumption, 
“neglect leakage,” made in order to effect 
an analytical solution cannot be justified 
in many cases. 

Conclusions 

In addition to data presented here, ex¬ 
tensive tests have been conducted on 
many types of d-c magnets from which the 
following conclusions may be drawn. 

1. Residual forces in magnets may be very 
large. In a circuit without an air gap, these 
forces are dependent on the residual induc¬ 
tion rather than on the coercive force. 
Since magnetic steels do not vary greatly 
in residual induction, an air gap must be in 
the magnetic circuit of even a low coercive- 
force material. 

2. There is a best pole-face area for maxi¬ 
mum pull. This area varies with the air gap 
and applied ampere turns. 

3. Conventional methods of calculating 


Table III. Ratio of Core Flux to Air-Gap Flux 
for D-C Magnets 


Air-Gap 
Length 
in Inches 

Magnet A 

Magnet B 

Magnet C 

Impressed Ampere Turns 

300 

400 

500 

Core Flux 

ir Cent 

- -in Pc 

Air-Gap Flux 

0.031. 

...190. 

183 

166 

0.062. 

... 236. 

... 224. !' 

. ...200 

0.094. 


... 253_ 

225 

0.252. 
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flux in a magnetic circuit are likely to lead 
to large errors because of the lack of leakage 
coefficients in calculating air-gap flux. 

4. The flux density in a conventional mag¬ 
net with a small air gap may vary by as 
much as 300 per cent between one part of 
the circuit and another. 

5. A ballistic galvanometer is a very useful 
tool in d-c design because of its accuracy and 
ease of use. 
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Electrical Stability of Electrical Insulating 
Oils Under Limited Oxidation 


by itself, and the other, an oil-paper com¬ 
bination. These cells are of platinum and 
glass. The vacuum capacitance of the cell 
is approximately four micromicrofarads with 
a spacing of 50 mils. 

Procedure 


J. C. BALSBAUGH 

MEMBER A1EE 

E lectrical insulating oils find a 

wide application in the electrical 
industry in cables, transformers, capaci¬ 
tors, circuit-breakers, and other oil-insu¬ 
lated equipment. The present paper dis¬ 
cusses the electrical stability as indicated 
by low power factor of an oil under 
limited-oxidation conditions, such as exist 
in certain service applications in oil-im¬ 
pregnated paper-insulated cables and 
sealed transformers. This test differs 
from the conventional “open-beaker” 
or unlimited-oxidation test. The limited 
amount of oxygen made available to the 
oil may be varied, from residual amounts 
due to contact materials or present in 
the oil, to the normal solubility of air in 
oil, and to larger amounts as desired. 
The limited-oxidation test indicates that, 
for a given duration of deterioration, oils 
may give power factors of 10 to 100 times 
those indicated in the conventional test. 
This fact is important in service appli¬ 
cations for oil-paper cables (since these 
losses limit the rating of the cable and 
decrease its efficiency) and for oil-filled 
equipment (since increased dielectric 
losses may reduce directly or indirectly 
the useful life of the equipment). While 
the power factor of an oil is not of prime 
importance for many types of oil-filled 
electric equipment, it is one of the most 
sensitive known criteria for stability 
tests. Operating performance of oil¬ 
paper cables in service shows, in general, 
that the power factor of the insulation 
increases with time, even in certain cases 
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to the extent of impairing the investment 
seriously. Hitherto, these changes have 
been unexplainable. It is believed that 
the limited-oxidation test, which to a 
certain extent simulates service condi¬ 
tions, will be useful in controlling this 
important problem. 

Equipment and Procedure 

The procedures used in making these 
tests have been described previously, 1 
and the equipment used as a deterioration 
system, electrical measuring cells and 
electric measuring circuits, have also been 
described previously. 1 ' 2 The equipment 
and procedure are indicated briefly here. 

Deterioration System 

The deterioration system used in 
certain of these tests is shown in Figure 1. 
This system may be used for both con¬ 
tinuous and limited-oxidation tests. This 
system consists of: 

(а) . Chamber for containing the oil and 
contact material. 

(б) . An internal glass pump with glass 
valves, actuated by a sealed-in plunger for 
operation by a solenoid; this pump provides 
for dispersion of both the liquid and gas 
phases in the system. 

(c). Electric measuring cells mounted on 
ground-glass male joints for making 
measurements on the oil during the deterio¬ 
ration. Provision is made for two cells, 
one of which may be used to measure the oil 


The procedure followed in the tests 
and in the preparation of the materials 
is given here. 

Preparation of Copper. The copper 
used is in the form of number 36 five-mil- 
diameter copper wire wound into spirals. 
The copper is washed successively with 
benzene, methanol, and distilled water 
to extract any grease or oil and is then 
allowed to stand under 50 per cent hydro¬ 
chloric acid for two hours. It is then 
successively washed with distilled water, 
methanol, and thiophene-free benzene. 
The copper is then dried in a vacuum des¬ 
iccator for three to four hours. 

Preparation of Paper . Paper may 

be used both in an electric measuring 
cell and as a contact material. The paper 
after being placed in the cell or system 
is effectively dried under a vacuum at 
an elevated temperature before the oil 
is degassed into the system. 

Introduction of Oil to System . The 
oil is introduced into the system through 
a glass degassing equipment at a pressure 
of 50 to 100 microns. The oil is raised 
to a temperature of 100 degrees centi¬ 
grade by a steam jacket after it is intro¬ 
duced into the vacuum chamber of the 
degassing equipment. 

Limited-Oxidation Test . In the lim¬ 
ited-oxidation test, the desired amount 
of oxygen is made available to the oil 
after the degassing of the oil into the 
system under a vacuum. The amount 
of oxygen made available to the oil is 
varied from none (blank test) up to 
amounts corresponding to a few thousand 
cubic centimeters per kilogram of oil. 


Table I. Limited-Oxidation Characteristics of Shell 100-4, Transition—Limited to Continu- 

ous Oxidation 
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Figure 1. Deterioration cell 

In many cases, tests are made using 
available oxygen in the range from 10 to 
100 cubic centimeters per kilogram of oil. 
These amounts are in the range of oxygen 
due to the normal solubility of air in oil. 
Following the introduction of the oxygen, 
the system pressure is raised to atmos¬ 
pheric by nitrogen. 

Continuous-Oxidation Test. In the 

continuous-oxidation test, the pressure 
in the system is maintained at 750 milli¬ 
meters of mercury by the addition of 
oxygen as rapidly as it is absorbed by the 
oil* For this purpose, an automatic gas¬ 
feeding mechanism is utilized which per¬ 


mits determining on a burette both the 
rate and the amount of oxygen added 
to the system. 

Test Temperatures. The limited and 
continuous-oxidation tests discussed in 
this paper have been made at a tempera¬ 
ture of 85 degrees centigrade. This 
temperature has been used, as it rep¬ 
resents a reasonably high operating tem¬ 
perature for oil-insulated equipment. 

Electrical Measurements 

The electric equipment used in making 
electrical measurements is shown in Figure 
2. The electrical characteristics of a 
capacitor or dielectric are generally ex¬ 
pressed in terms of an equivalent parallel 
circuit, Figure 3, and a vector diagram, 
shown in Figure 4. In Figures 3 and 4, 
G represents the equivalent parallel 
conductance, C represents the equivalent 
parallel capacitance, GE the energy com¬ 
ponent of current in phase with the 
voltage, and ccCE the quadrature or 
capacitance of component of current. 
The electrical characteristics of a di¬ 
electric are expressed in terms of the 
following: 

Power Loss. The power loss P in 
watts in the dielectric is given by 

P = E 2 G = El cos 6 — El sin 5 (watts) (1) 

in which 

E is the effective voltage in volts impressed 
on the dielectric. 


Figure 2. Electric measuring circuit 

I is the effective current in amperes flowing 
into the dielectric. 

d is the power-factor angle of the dielectric. 

5 is the loss angle of the dielectric. 

G is the equivalent parallel conductance in 
mhos of the dielectric. 

Conductance. The conductance G in 
mhos of a dielectric is 

G = o>C tan tan 5=(2 t rC 0 )e ,f f 

(mhos) (2) 

in which 

C is the capacitance in farads of electrode 
arrangement containing sample. 

C 0 is the capacitance in farads of similar 
electrode arrangement in vacuum, that 
is, geometric capacitance, 
tan 6 is the dissipation factor in per unit. 

0 } is equal to 2irf, and / is the frequency in 
cycles per second. 

Specific Conductance. The specific 
conductance G s of a dielectric is 

Q 

G s = 0.556 — = 0.556e"/(10-i 2 ) 

(mho-centimeters) (3) 

Dielectric Constant. The dielectric 
constant e' of a dielectric is 


Loss Factor. The loss factor e" of a 
dielectric is given by 

e" — e'tan $ 


Table II 


Size of Conductor 

Diameter D 

Ratio Copper-Surface Area in Square 
Centimeters Per Gram of Oil 
Insulation Thickness (Inch) 


(Circular Mils) 

(Inches) 

0.005 

0.0600 

0.125 0.25 

250,000. 

. ...0.500. 

. . .195. 

15 



500,000.. . . 

...0.707. 

. . .195.. 

. 15 


,3 

750,000.. . . 

1,000,000 

...0.865. 

...1.000. 

. ..195.. 

.. .195.. 

.15 

.7. 

7 

3 

3 

d 6 assumed 0.8— k assumed 0.5. 







The loss factor is proportional to the loss 
per cycle. It is generally used when the 
loss is due to the orientation of dipoles 


to CE I 



Figure 3 Figure 4 
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Figure 5 (left). 
Limited oxidation 
characteristics as a 
function of available 
oxygen 

Guff D6ElF, 85 de¬ 
grees centigrade, 1.6 
square centimeters 
copper per gram of 
oil, cubic centimeters 
of oxygen per kilo- 


GONTINUOUS OXIDATION v 


□ 200 400 600 800 1000 

DETERIORATION TIME IN HOURS 

and other absorptive types of dielectric 
polarization. 

Dissipation Factor, The dissipation 
factor of a dielectric is expressed in terms 
of tan 8 , in which 8 represents the loss 
angle as shown in Figure 4. Thus, the 
per-unit dissipation factor is equal to the 
per-unit ratio of the energy component 
of current GE to the quadrature capaci¬ 
tance component of current, coCE. 

Power Factor. The power factor of 
a dielectric is expressed in terms of cos 
0, in which 6 is the angle between the 
total current and voltage, as indicated 
in Figure 4. Thus, the power factor 
in per unit is the ratio of the energy 
component of current to the total current 
flowing into the dielectric. 

Conductance Factor. The conduc¬ 
tance factor of a dielectric e"f is given by 

€"/=e' tan Sf (g) 

The conductance factor is directly pro¬ 
portional to the equivalent parallel con¬ 
ductance and the total energy loss of the 
dielectric. It is a convenient characteri¬ 
zation when the energy dissipated is due 
to the motion of free ions—in this case; 
generally the conductance factor is in¬ 
dependent of frequency. For mineral 
oils, the conductance factor e"f , is ap- 


gram of oil as indi¬ 

« 1 

cated; transition 


from limited to con¬ 

tq .5 

tinuous oxidation, 
cubic centimeters of 
oxygen per kilogram 
of oil at end of con¬ 

-t 

tinuous test as indi¬ 
cated 

05 

Figure 6 (right). 
Effect of paper and 
copper — limited 

01 


- LIMITED OXIDATION- 


500 CC. 0 2 /KG. <;u a PAPI R 

60 CYCLi: 0 _- _ 



oxidation 

Shell 100-4, 85 degrees centigrade, 

1.6 square centimeters copper per gram of 
oil, cubic centimeters of oxygen per kilogram 
of oil as indicated, in test with oil, copper, 
and paper; electrical measurements made on 
both oil and oil-paper combination; transition 
limited to continuous test at end of 1,300 hours 

proximately equal to the power factor 
or dissipation factor expressed in per 
cent at a frequency of 60 cycles per 
second, since e' is approximately two, and 
/ is 60 in equation 6. 

Comparison of Limited- and 
Continuous-Oxidation 
Characteristics 

Comparison of limited- and con¬ 
tinuous-oxidation characteristics of cer¬ 
tain samples of mineral oils is shown in 
Figures 5, 6, 7, and 8. These comparisons 
are shown for different amounts of avail¬ 
able oxygen in a limited-oxidation test 
in Figures 5 and 6 for the effect of paper 
and copper in Figure 6, and for con¬ 
tinuous-oxidation tests on certain samples 
in Figures 7 and 8. 

Limited-Oxidation - Characteristics 

The limited-oxidation tests in Figure 5 
were made on Gulf Sample D6E7 F. 


joo cc > a /i 
\ C WITH0U-’ CU a FftPEl 

400 600 800 1000 

DETERIORATION TIME IN HOURS 


The physical properties and method of 
preparation of this sample have been 
described previously. 8 This sample is 
the raffinate from a solvent-refined series 
of samples with a viscosity of 82.9 Say- 
bolt-Universalat 100 degrees Fahrenheit, a 
specific dispersion of 93, a sulphur content 
of 0.03 per cent, and by a Waterman 
analysis shows 0.0 per cent aromatics, 
11.8 per cent naphthenes, 88.2 per cent 
paraffins. It is a highly refined, nearly 
water-white, aromatic-free oil with a 
relatively low sulphur content. As shown 
in Figure 5, this oil sample was tested 
under limited-oxidation conditions cor¬ 
responding to available oxygen of 0, 
50, 100, 500, 1,000, and 2,000 cubic 
centimeters per kilogram of oil. These 
tests were made at 85 degrees centigrade 
with a copper-oil ratio of 1.6 square 
centimeters of copper surface area per 
gram of oil. The electrical measurements 
are given in terms of the «"/ at a deteriora¬ 
tion temperature of 85 degrees centigrade. 
The results show that the maximum con¬ 
ductance was obtained with 100 cubic 
centimeters of oxygen per kilogram of 
oil and gave a maximum value of e"f at 
85 degrees centigrade of approximately 
8 per cent, and a corresponding 60-cycle 


Table III 


Size of 
Conductor 
(Circular Mils) 


Diameter 

D 

(Inches) 


Ratio Copper-Sur¬ 
face Area in Square 
Centimeters Per 
Gram of Oil 


250,000.0.574. , 

500,000.0.814! ] 

750,000.0.998. . 

1 , 000,000 . 1 . 152 , . 
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... ,52 (19 strands) 
.... 51 (37 strands) 
.. . .54 (61 strands) 
.... 47 (61 strands) 


Size of Conductor 
(Circular Mils) 


Tabic IV 


Diameter D 
(Inches) 


Ratio Copper-Surface Area in Square 
Centimeters Per Gram of Oil 
Insulation Thickness (Inch) 


250,000.0.574 

500,000.0,814.' .. 

750,000.0.998] ]]]]]]]]“ 

1,000,000. 1 1^2 

— d e assumed 0.8— k assumed 0.5. 
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Figure 7. Continu¬ 
ous-oxidation char¬ 
acteristics 

Shell 100-4 y 85 de¬ 
grees centigrade; 
760 millimeters oxy¬ 
gen; 2.3 square 
centimeters copper 
per gram of oil/ 
1 gram paper per 19 
grams oil 


Figure 8. Continu¬ 
ous-oxidation char¬ 
acteristics 

Oil I, commercial 
light cable oil; oil 
2, commercial trans¬ 
former oil; 85 de¬ 
grees centigrade; 
760 millimeters oxy¬ 
gen, 1.6 square 
centimeters copper 
per gram of oil 



power factor of approximately 0.5 per 
cent. The blank test with no available 
oxygen showed relatively good stability. 
At the end of approximately 950 hours, 
the 100 and 2,000 cubic centimeters of 
oxygen per kilogram of oil-limited tests 
were changed to the continuous-oxidation 
type. This was done by withdrawing 
the gas above the oil sample in the de¬ 
terioration cell and then maintaining an 
oxygen pressure of 760 millimeters. In 
the case of the 100-cubic-centimeter test, 
the power factor or conductance of the 
oil rapidly decreased with continuous- 
oxygen absorption from an e"f of ap¬ 
proximately eight to a value approximat¬ 
ing 0.1. Further absorption of oxygen 
beyond this point gave rapidly increasing 
losses. In the case of the 2,000-cubic- 
centimeter-Hmited test, the transition 
from the limited to the continuous type 
of test showed very little change in the 
electrical characteristics. At the con¬ 
clusion of the continuous-oxidation tests, 
the oils had absorbed approximately 
19,000 cubic centimeters of oxygen per 
kilogram of oil, with the losses of the same 
order of magnitude as for the 100-cubic- 
centimeter limited-oxidation test. It is 
possible that a limited test in the range 
between 100 and 500 cubic centimeters of 
oxygen per kilogram of oil would produce 
greater losses than is indicated for the 
100-cubic-centimeter test. These results 
show that there may be a different mecha¬ 
nism responsible for the electric losses 
m the two types of tests. Presumably, 
oxidation products formed in the 
limited type of test are unstable in the 


presence of further oxygen and give the 
results indicated in the 100-cubic-centi¬ 
meter test at the transition point. In 
the case of the 2,000-cubic-centimeter 
limited test, apparently there is sufficient 
available oxygen, so that the oxidation 
products proceed to such end-oxidation 
products as water and acids. Satis¬ 
factory check results are indicated by the 
two tests made with 500 cubic centimeters 
of oxygen per kilogram of oil. 

Effect of Copper and Paper 

The test results in Figure 6 show the 
effect on oil sample Shell 100-4 of the 


presence of paper and copper during a 
limited-oxidation test. The effect of a 
transition from a limited to continuous 
type of oxidation is shown again. The 
physical properties and preparation 
of this sample -have been described pre¬ 
viously. 1 This is one of a group of solvent- 
refined samples with varying degrees of 
aromaticity. It has a viscosity of 86 
Saybolt Universal at 100 degrees Fahr¬ 
enheit, a specific dispersion of 96, and 
a total sulphur content of 0.18 per cent, 
and a mercaptan-plus-disulphide sul¬ 
phur of less than 0.001 per cent. It is a 
practically water-white aromatic-free 


Figure 9. Effect of copper and 
lead area 

Shell 100-4, limited oxidation, 
100 cubic centimeters of oxygen 
per kilogram of oil, 85 degrees 
centigrade; surface area in 
square centimeters of copper per 
gram of oil as indicated 
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are shown in Figures 7 and 8. Figure 7 
shows the results on Shell 100-4, the 
limited-oxidation characteristics of which 
have been discussed previously and 
shown in Figure 6. Figure 8 shows the 
results on two representative commercial 
oils. 

The results in Figure 7 on Shell 100-4 
were obtained under continuous oxidation 
at 85 degrees centigrade, with a copper- 
oil ratio of 2.3 and a paper-oil ratio 
of one gram of Whatman’s 41-iT ashless 
filter paper per 19 grams of oil. Figure 7 
gives both the oxygen absorbed in cubic 
centimeters per kilogram of oil, and the 
e"f of the oil at 85 degrees centigrade. 
As compared to the previous limited 
tests in Figures 5 and 6, the e"f under 


highly refined oil. Figure 6 shows the 
results of two tests, one a limited test 
with 100 cubic centimeters of oxygen per 
kilogram of oil without copper and paper 
and the other a limited test with 500 
cubic centimeters of oxygen per kilogram 
of oil with copper and paper. These 
tests were made at 85 degrees centigrade. 
In the case of the 500-cubic-centimeter 
limited test, electrical measurements were 
made utilizing two electric measuring 
cells, one measuring the oil alone, and 
the other an oil-paper cell giving electrical 
measurements on an impregnated-paper 
sample. At the end of approximately 
1,300 hours of the 500-cubic-centimeter 
limited test, the test conditions were 
changed from the limited to the con¬ 
tinuous type. The copper-oil ratio in 
these tests was 1.6. The results show, 
for the 100-cubic-centimeter limited test 
in the absence of copper and paper, that 
the conductance of the oil remains very 
low and approximately equal to the initial 
value throughout the test duration of ap¬ 
proximately 800 hours. In the case of 
the 500-cubic-centimeter limited test 
with copper and paper, the 60-cycle power 
factor of the oil has increased to ap¬ 
proximately ten per cent. Other work 
that has been done indicates that this 
increase in power factor is due principally 
.to the presence of the copper, the paper 
introducing a negligible effect. It is 
interesting to note that the conductance 
of the oil itself is very nearly equal to 
that of the impregnated paper throughout 
the limited test. Further data on this 



Figure 10 


test are given in Table I which also gives 
the 60-cycle power factor in per cent for 
both the oil and the oil-paper, and also 
gives the e"f of the impregnated paper at 
both frequencies of 60 and 1,000 cycles 
per second. 

The impregnated paper during the 
limited portion of the test merely indi¬ 
cates the conductance of the oil itself. 
At the transition point where the test is 
changed from a limited to a continuous 
type, the losses initially increase for both 
the oil and the impregnated paper and 
then rapidly decrease to lower values. 
As shown in Table I, the relation between 
the 60- and 1,000-cycle values of e"f 
are very much different during the lim¬ 
ited as compared to the continuous 
type of test. During the limited test, 
the conductance of the impregnated paper 
is relatively independent of frequency, 
whereas it increases very rapidly with 
increasing frequency during the con¬ 
tinuous type of test. For example, in 
Table I, at the end of 192 hours of deterio¬ 
ration of the limited tests, e ,r f of the 
oil are 60 cycles, 3.63; 1,000 cycles, 5.54, 
whereas at the end of the continuous 
test, corresponding values are 60 cycles, 
3.67; 1,000 cycles, 10.9. During the 
continuous type of oxidation test, acids 
and water are produced, which are ad¬ 
sorbed readily by the hydroxyl groups 
of the cellulose. It is believed that what¬ 
ever oxidation products are produced dur¬ 
ing the limited test, they are not ad¬ 
sorbed by the paper. These results 
again indicate a fundamental difference 
in the type of oxidation mechanism 
between the limited and continuous types 
of oxidation. 

Continuous-Oxidation 
. Characteristics 
The continuous-oxidation character¬ 
istics of samples of three different oils 


continuous oxidation remains relatively 
low, even with relatively large amounts of 
oxygen absorbed. For example, at 85 
degrees centigrade the e"f with approxi¬ 
mately 5,000 cubic centimeters of 
oxygen, is approximately 0.1, whereas 
under limited-oxidation conditions with 
500 cubic centimeters, the e"/ of the oil 
is approximately 10. Thus, for ten 
times as much oxygen in the continuous 
test, the conductance is approximately 
0.01 that for the limited test. The oxi¬ 
dation characteristics of this oil are 
strongly autocatalytic, which is some¬ 
what characteristic of an overrefmed oil 
corresponding to this particular sample. 
Such an oil generally produces, under 
oxidation, water and low-molecular- 
weight acids which would rapidly be 
absorbed by the paper. This probably 
has helped to maintain relatively low 
values of conductance during this test. 
Other tests on the same type of oil in the 
absence of paper have indicated that the 
losses would remain relatively low during 
the initial stages of the oxidation but 
would increase to relatively large values 
for materially lower values of total oxygen 
absorption. Furthermore, an impreg¬ 
nated-paper sample would reveal the 
characteristics shown in Figure 6 and in 
Table I after the transition to continu¬ 
ous-oxidation conditions. 

The results in Figure 8 show con¬ 
tinuous-oxidation characteristics and cor¬ 
responding conductance factors oil two 
samples of oil—oil 1, a representative 

Table VI. Physical Properties of Shell Special 
121 Oil 


Viscosity at 100 F (Sayboll Universal 

second). 5 ,-, (3 

Viscosity at 210 F (vSaybolt Universal 

second). 33.7 

Density e ? 4 20 C. 0.8756 

Refractive index . 1.4871 

Specific dispersion.124. 

Per cent sulphur. 0! 02 
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Figure 11 (left). 
Limited - oxidation 
characteristics 

Shell series 60, 
60-1, 60-4, 100 

cubic centimeters of 
oxygen per kilogram 
of oil, 85 degrees 
centigrade; 1.6 
square centimeters 
copper per gram oil 

Figure 12 (right). 
Limited - oxidation 
characteristics—vari¬ 
able available oxy¬ 
gen 

Shell 60-2, 85 de¬ 
grees centigrade, 
cubic centimeters 
oxygen per kilogram 
oil as indicated; 1.6 
square centimeters 
copper per gram oil, 
continuous test, 760 
millimeters oxygen 



commercial oil of the light-cable-oil 
class, and oil 2, a representative com¬ 
mercial oil of the transformer-oil class. 
These tests were made at 85 degrees 
centigrade with a copper-oil ratio of 1.6. 
The viscosity of oil 1 is approximately 
100 Say bolt Universal at 100 degrees 
Fahrenheit, and that of oil 2 is approxi¬ 
mately 55 Saybolt Universal at 100 
degrees Fahrenheit. It may be noted 
that these oils are relatively more 
stable to oxidation than the over-re¬ 
fined Shell 100-4 previously discussed. 
The oxidation characteristics of oil 1 
are representative of the inhibited type. 
It is interesting to note that, during the 
induction period of oil 1, the conductance 
e"f rapidly increases to a value approxi¬ 
mating 9. However, at the end of 
the induction period corresponding to 
approximately 300 hours, the. conductance 
rapidly decreases to a much lower value 
and then increases with further oxygen 
absorption. Thus, this characteristic is 
somewhat analogous to the transition 
from limited to continuous oxidation, as 
shown in Figures 5 and 6. However, in 
this case limited-oxidation character¬ 
istics of the oil are inherent in the con¬ 
tinuous type of test, by reason of the 
inhibited type of oxidation reaction dur¬ 
ing the early stages of the test. Oil 2 
shows the normal electrical character¬ 
istics for an oxidation reaction in which 
the oxidation reaction proceeds to the 
normal end products. As a comparison 
it is interesting to observe that for the 
deterioration time of 200 hours, oil 2 has 
absorbed, roughly, ten times as much 
oxygen as oil 1, but the conductance or 
power factor of oil 2 is approximately 


0.1 that of oil 1. Limited-oxidation 
studies have also been made on these two 
oils. Under limited-oxidation conditions, 
at 85 degrees centigrade a copper-oil ratio 
of 1.6, and available oxygen of 100 cubic 
centimeters per kilogram, both oils will 
give power factors at 60 cycles approxi¬ 
mating ten per cent. Thus, there is 
relatively little difference between the 
oils on a limited-oxidation basis, whereas 
there are relatively large differences in 
the initial stages on the continuous basis. 

Effect of Metal Surface Area 

As shown previously, the presence of 
copper in a limited-oxidation test gives 
increased electrical conductivity or power 
factor of the oil. This is illustrated 
further in Figure 9, which gives the re¬ 
sults of Shell 100-4 with limited oxidation 
of 105 cubic centimeters of oxygen per 
kilogram of oil at 85 degrees centigrade 
with variable amounts of copper surface 
per gram of oil, and with different meth¬ 
ods of treatment of the copper surface. 

Variable Copper- and Lead-Oil Ratios 

The amount of copper surface is varied 
from a blank test in which no copper is 
present in increasing amounts up to 16 
square centimeters of copper surface area 
per gram of oil. The normal preparation 
of the copper has been given previously 
under Equipment and Procedure. The 
solvent-treated copper surface is similar 
to the normally treated, except that the 
copper is not immersed in a 50 per cent 
hydrochloric acid solution. The oxidized 
copper surface is similar to the normally 
treated, except that before the copper is 


placed in the deterioration cell, it is 
heated to 100 degrees centigrade in an air 
oven for approximately an hour. 

The results indicate that in the absence 
of copper the power factor of the oil re¬ 
mains relatively low—of the order of 0.01 
per cent at 85 degrees centigrade. With 
copper present, the maximum power 
factors of the oil are somewhat propor¬ 
tional to the amount of copper surface. 
In one test, lead was used in place of 
copper, and the results were approxi¬ 
mately the same as for copper of cor¬ 
responding area. Additional tests were 
made with lead, but it was difficult to 
obtain reproducible lead surfaces and, 
hence, reproducible results. It was not 
practicable to use relatively large lead 
areas corresponding to those for copper. 
The solvent-treated copper gave ap¬ 
proximately the same increase in power 
factor as the normal copper surface. The 
oxidized copper surface gave materially 
lower losses than the normal copper sur¬ 
face. Similar tests with other oils have 
given corresponding results. This particu¬ 
lar oil sample, Shell 100-4, would give 
somewhat higher losses with larger 
amounts of available oxygen under a 
limited-oxidation test, as shown in Fig¬ 
ure 6. Thus, the results show that the 
copper-oil ratio is important in determin¬ 
ing power factor under limited oxidation. 

Copper-Oil Ratio in Service 
Applications 

In view of these results which indicate 
the importance of the copper-oil ratio, 
it is pertinent to analyze the correspond¬ 
ing ratios for oil-impregnated paper- 


316 


Balsbaugh, Assaf—Electrical Insulating Oils 


AIEE Transactions 





insulated cables and other oil-insulated 
equipment. Previous work 4 of tape-by¬ 
tape power-factor measurements on cables 
has indicated that the power factor is not 
uniform throughout the thickness of the 
insulation. Generally, high power factors 
are indicated for those tapes adjacent to 
the conductor and the sheath. Thus, in 
obtaining copper-oil ratios for cables, it 
is necessary to consider, not only the 
over-all ratio corresponding to total 
surface areas and total oil in the insula¬ 
tion, but also the ratios that apply to the 
strand space and for a relatively thin wall 
of insulation immediately adjacent to 
either the conductor or the sheath. 
Furthermore, these ratios will depend on 
whether the surface area is relatively 
smooth as for the sheath and compact- 
conductor construction or as for the 
standard concentric-strand-conductor 
construction. An estimate of the different 
ratios that apply in cables may be ob¬ 
tained from the following: 

1. Copper-oil ratio for a layer of insulation 
on or within a cylindrical surface. This 
case is shown in Figure 10, and is given by 

copper~=i i—iTin - area (square dimeters) 


Figure 13 (left). 

Limited - oxidation 
characteristics—vari- 
able available 
oxygen 

Shell 60-3, 85 de¬ 
grees centigrade, 
cubic centimeters 
oxygen per kilogram 
oil as indicated; 1.6 
square centimeters 
copper per gram oil, 
continuous test, 760 
millimeters oxygen 

Figure 14 (right). 

Effect of blending 
an aromatic-free and 
an aromatic oil 

Blends Shell 60-4 
and Shell 121, 
limited oxidation, 85 
degrees centigrade, 

100 cubic centi¬ 
meters oxygen per 
kilogram oil; pro¬ 
portion of blends as 
indicated; 16 square 
centimeters copper 
per gram oil 

4-= exterior insulation 
— = interior insulation 

Representative copper-oil ratios for this 
case are given in Table II for different con¬ 
ductor sizes and different insulation thick¬ 
nesses. These values would apply to insu¬ 
lation on a cylindrical conductor surface, as 
would be represented by compact construc¬ 
tion or for the insulation within a lead 
sheath. It may be noted that the values 
vary between very wide limits. For the 
case of the oil contained in the first tape of 
insulation immediately adjacent to such a 
conductor or sheath surface, the ratio is 195, 
independent of the diameter of the conductor 
or sheath. 

2. Copper-oil ratio applying to the strand 
space of a stranded conductor. This case is 
shown in Figure 10b and is given by 

copper-oil ratio = ~ (^^centimeters) 
gram oil 


lWn 
d e D 

in which 

n — number of strands 

Table VII 


( 8 ) 


gram oil 

1 

Decaoe. 

Hexadecane.. . . 


“(- 3 > 

Hexadecene. 


in which 

Cis-decalin. 

1 

d e = specific gravity of oil 

R = diameter of conductor in centimeters 

Plienylcyclohexanc 

.< 

t thickness of oil film or insulation in 
centimeters 

k~ per-unit ratio of volume of oil in thick¬ 

Tetralin. 

( 

ness t to total volume included in thick¬ 
ness t 

DicyclohexyL. 

....< 


CHj 




Representative values of these ratios are 
given in Table III for various conductor 
sizes. It may be noted that these ratios 
approximate 50 and are somewhat independ¬ 
ent of the conductor size. 

3. Copper-oil ratio applying to insulation 
on a stranded conductor, including the oil 
in the strand space as well as the oil in the 
insulation. This case is represented by 
Figure 10c and is given by 

area (square centimeters) 

eoppcr-oilratio =---——- — 

gram oil 

— jj-Vj n __ 




d r 


Representative values for this case are 
given in Table IV for various conductor 
sizes and insulation thicknesses. The ratio 
depends upon the thickness of the insulation 
but is equal to approximately 50 for the first 
insulation tape adjacent to the conductor. 

Significance of Copper-Oil Ratio 

The maximum copper-oil ratio that 
has been used in the limited test has been 
16. This maximum value has been 
limited by available space for the copper 
and also by the desire to maintain ade¬ 
quate circulation. As shown iti Tables 
II, III, and IV, copper-oil ratios in oil¬ 
paper cables may be very much higher 
than the values used in the limited tests. 

The work that has been done has indi¬ 
cated that, at least up to the maximum 
value used, the power factor is approxi¬ 
mately proportional to the amount of 
copper surface. Whether this propor¬ 
tionality would continue for higher ratios 
is not known. It is possible to make ap¬ 
propriate changes in the deterioration 
systems to permit higher copper-oil 
ratios. It is believed that these high 
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ratios such as exist in service applications 
are of importance. As mentioned pre¬ 
viously, tape-by-tape power-factor meas¬ 
urements on cables have indicated that 
higher power factors may exist for the oil 
in the immediate proximity of the copper 
conductor or the lead sheath. It is 
somewhat questionable whether the meas¬ 
urements of this type that have been 
made indicate the values that obtain 
in the sealed cable. The reason for this 
is that, when these tapes are removed 
for measurement, exposure to the air 
may decrease materially the measured 
power factors. This is a probability, 
since the components responsible for the 
limited-oxidation type of loss are un¬ 
stable in the presence of additional 
oxygen. 

Effect of Aromatics 

The effect of the amount of aromatics 
of an oil under limited oxidation with 
different amounts of available oxygen is 
shown in Figures 11, 12, 13, and 14. 

Physical Properties of Oil Samples 

_ These tests were made on a series of 
oils, specially prepared by the Shell 
Petroleum Corporation, the physical 
properties of which are given in Tables 
"V and VI. The Shell-60 series was pre¬ 
pared from a plant cut of a special West 
Texas grade of low pour point. The 
cut had a viscosity of around 60 seconds. 
The first sample, 60, was not solvent- 
extracted; the other samples were ex¬ 
tracted to give decreasing degrees of aro¬ 
maticity, 60-4 being completely freed of 
aromatics by treatment with fuming 


sulphuric acid. All of the samples re¬ 
ceived a finishing treatment with sul¬ 
phuric acid followed by clay contacting. 
This resulted in aromaticity, as measured 
by specific dispersion, of from 134 (highly 
aromatic, benzene equal to 189) for 
sample 60 to 97 (aromatic-free) for sample 
60-4. As shown in Table V, the per cent 
total sulphur decreases with decreasing 
aromaticity; thus sample 60 has a per 
cent total sulphur of 1.16 as compared to 
0.04 for sample 60-4. In an attempt to 
determine the relative effects of both 
total sulphur content and aromaticity, 
Shell special 121 oil was prepared, the 
physical properties of which are given in 
Table VI This sample has a specific 
dispersion of 124, and a total sulphur 
content of 0.02 per cent. This sample 
was blended in varying proportions with 
60-4 to give samples having varying 
amounts of aromaticity, but with lower 
sulphur content than would be obtained 
from the 60- series of samples for cor¬ 
responding dispersions. 

Results of Tests 

Figure 11 gives the results of limited 
tests at 85 degrees centigrade, copper-oil 
ratio of 1.6, and available oxygen of 100 
cubic centimeters per kilogram of oil on 
samples 60, 60-1, and 60-4. All of these 
gave 60-cycle power factors approximat¬ 
ing ten per cent, so that further tests 
using different amounts of available 
oxygen were not made on these samples. 
Figure 12 gives the results on sample 60-2 
at 85 degrees centigrade with a copper- 
oil ratio of 1.6 and available amounts of 
oxygen ranging from a blank test with 
no oxygen up to a continuous test. This 


sample gives relatively high conductance 
for all the tests indicated. The maximum 
conductance was obtained in the blank 
test without oxygen, that is, the oil just 
contacting copper. This sample absorbs 
oxygen rapidly on a continuous test as 
indicated by the following: 102 hours, 
2,290 cubic centimeters of oxygen per 
kilogram of oil; 209 hours, 3,710; 313 
hours, 4,180; 720 hours, 4,970. Figure 
13 gives the results on Shell 60-3 for a 
limited test at 85 degrees centigrade with 
a copper-oil ratio of 1.6 and available 
amounts of oxygen from a blank test 
with none up to a continuous type of test. 
This oil shows relatively good stability 
under all limited tests up to and including 
1,000 cubic centimeters of oxygen per 
kilogram. The conductance e"f at 85 
degrees centigrade is of the order of one 
or less for all of these tests. There does 
not seem to be any consistent relation 
between the loss and the amount of oxygen 
made available, except that, on the 
average, it is somewhat greater for the 
larger amounts of available oxygen. In 
the continuous test, the power factor 
reaches relatively high values. This 
sample also absorbs oxygen quite rapidly 
under a continuous test, as indicated by 
the following: 96 hours, 2,080 cubic 
centimeters of oxygen per kilogram of oil; 
184 hours, 6,670; 304 hours, 15,060; 784 
hours, 20,900. Figure 14 gives the results 
of various blends of Shell 60-4 with 
Shell 121. These tests were of the limited 
type using 105 cubic centimeters of oxy¬ 
gen per kilogram of oil, a copper-oil ratio 
of 16 at 85 degrees centigrade. It is 
important to note that these particular 
tests have a copper-oil ratio of ten times 
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Figure 15 (left). 
Limited - oxidation 
characteristics of 
decane/hexadecane, 
hexadecene 

Available oxygen as 
indicated, 85 de- 
Srees centigrade/ 
1-6 square centi¬ 
meters copper per 
gram oil 


Figure 16 (right). 
Limited - oxidation 
characteristics of cis- 
decalin 

Available oxygen as 
indicated, 85 de¬ 
grees centigrade/1.6 
square centimeters 
copper per gram oil 
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that for the preceding results in Figures 
9, 10, and 11. These tests show a maxi¬ 
mum electrical stability for the samples 
containing 10 and 20 per cent of Shell 121. 
These blends indicate greater stability 
than that for either the 60-4 or the 121 
individually. 

Effect of Per Cent Aromatics 

The results of the tests discussed in the 
foregoing show quite clearly the greater 
electrical stability under limited tests for 
those samples containing a small per¬ 
centage of aromatics. The relation be¬ 
tween electrical stability and aromatics is 


relatively narrow one. The molecular 
weight of these hydrocarbons is in most 
cases, considerably less than that for light 
cable or transformer oils. However, it is 
believed that the results are useful in 
interpreting the results obtained on 
hydrocarbon oils. 

Preparation of Hydrocarbons 

All of the samples were dried over 
sodium wire before fractionation in a 
column of 40 theoretical plates. The 
preparations of decane, hexadecane, hexa- 
decene, cis-decalin, and tetralin have 
been described previously. 5 Phenyl- 


decane and hexadecane produce relatively 
larger losses than those indicated for 
hexadecene which is an unsaturated par¬ 
affin. The conductance of hexadecene 
increases much more rapidly with deterio¬ 
ration time than for the normal par¬ 
affins. This is probably due to the fact 
that the oxidation rate or the absorption 
of any available oxygen is much more 
rapid for the unsaturated paraffin than 
for the normal paraffins. In the case of 
cis-decalin which is a naphthenic type, 
the nature of the limited-oxidation loss 
is relatively different from that for the 
paraffins. In this case, the losses im- 



DETERIORATION TIME IN HOURS 

not too definite, since it is probably a 
function of copper-oil ratio, amounts of 


Figure 17 (left). 
Limited - oxidation 
characteristics of 
tetrafin / phenylcy- 
clohexane, and di¬ 
cyclohexyl 

Available oxygen as 
indicated, 85 de¬ 
grees centigrade; 
1.6 square centi¬ 
meters copper per 
gram oil 


Figure 18 (right). 
Continuous - oxida¬ 
tion characteristics of 
hexadecane 

760 millimeters oxy¬ 
gen, 85 degrees 
centigrade; 1.6 
square centimeters 
copper per gram oil 
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available oxygen, and deterioration time. 
More complete information would require 
further tests for each sample as a function 
of each of these variables. Apparently, 
sulphur content is not the major deter¬ 
mining factor for the samples with elec¬ 
trical instability, since certain of the 
samples relatively free from sulphur also 
produce relatively high losses. 

Effect of Type of Hydrocarbon on 
Electrical Stability 

Studies have been made of representa¬ 
tive types of hydrocarbons to interpret 
the characteristics of mineral oils of 
varying compositions. Such studies have 
been made on the basis of both the limited 
and continuous type of tests. The hydro¬ 
carbons studied are given in Table VII. 
The group includes representative nor¬ 
mal paraffins, an olefin, aromatics, and 
naphthenes. The group represented is a 


cyclohexane and dicyclohexyl were ob¬ 
tained from the Eastman Kodak Com¬ 
pany. Refractive indexes of the fractions 
were measured throughout the distilla¬ 
tion, and the proper samples were 
selected. 

Limited-Oxidation Tests on 
Hydrocarbons 

Limited-oxidation tests on the fore¬ 
going hydrocarbons are shown in Figures 
15, 16, and 17. These tests were made 
at 85 degrees centigrade with a copper- 
oil ratio of 1.6 and available amounts of 
oxygen as indicated. Figure 15 shows 
the results on decane, hexadecane, and 
hexadecene. Figure 16 gives the results 
for cis-decalin, and Figure 17 the results 
for tetralin, phenylcyclohexane, and di¬ 
cyclohexyl. The results indicate that 
the normal paraffins produce relatively 
high losses under limited-oxidation tests. 
It is somewhat surprising that both 


mediately increased to relatively high 
values and then decreased to substan¬ 
tially lower values with increasing deterio¬ 
ration time. Furthermore, the limited 
test in which 105 and 489 cubic centi¬ 
meters of oxygen per kilogram of oil are 
made available to the oil gives sub¬ 
stantially lower losses than is indicated 
for the blank test. This is probably be¬ 
cause cis-decalin oxidizes very rapidly, 
and, accordingly, even with relatively 
small amounts of oxygen, the oxidation 
proceeds to normal cud products which 
are not highly conducting. The rela¬ 
tively high initial values are probably 
due to contact with copper, even though 
only a short time elapsed between contact 
and initial measurement. Thus, the 
initial values of conductance are notindica- 
tive of the hydrocarbon oil itself. The 
results for tetralin, phenyl cyclohexane, 
and dicyclohexyl are very much different 
from the characteristics of cis-decalin. 
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Figure 19 (left). 
Continuous - oxida¬ 
tion characteristics of 
cis-decalin 

760 millimeters oxy¬ 
gen, 85 degrees 
centigrade; 1.6 
square centimeters 
copper per gram oil 

Figure 20 (right). 
Conductance as a 
function of fre¬ 
quency — hexadec- 
ane-paper cell— 
continuous oxidation 
at different stages of 
the oxidation 

760 millimeters oxy¬ 
gen, 85 degrees 
centigiade; 1,6 
square centimeters 
copper per gram oil; 
deterioration time in 
hours and cubic 
centimeters oxygen 
per kilogram oil ab¬ 
sorbed indicated 

Figure 21 (left). 
Conductance as a 
function of fre¬ 
quency—cis-decalin- 
paper cell—continu¬ 
ous oxidation at i 
different stages of 
the oxidation 

760 millimeters oxy¬ 
gen, 85 degrees 
centigrade,- 1.6 ,° 

square centimeters 
copper per gram oil; *° 
deterioration time in 
hours and cubic 

centimeters oxygen 
per kilogram oil ab¬ 
sorbed indicated 

Figure 22 (right). 

Comparison of lim¬ 
ited-oxidation char¬ 
acteristics of a new 
and a reconditioned 
commercial trans¬ 
former oil 
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Furthermore the losses of dicyclohexyl, a 
naphthene, are relatively low, compared 
to the previously discussed results of the 
normal paraffins. 

Continuous-Oxidation Tests on 
Hydrocarbons 

Continuous-oxidation tests have been 
made on both hexadecane and cis-decalin. 
The results of these tests are shown in 
Figures 18, 19, 20, and 21. These tests 
were made at 85 degrees centigrade and 
a copper-oil ratio of 1.6. Electrical meas- 
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Limited oxidation, 100 cubic centimeters 
oxygen per kilogram oil, 85 degrees centi- 
Srade; 1.6 square centimeters copper per 
gram oil 


urements were made on both the hydro¬ 
carbon itself and on an impregnated- 
paper cell, using Whatman’s 41-i7 ashless 
filter paper. The continuous-oxidation 
characteristics of hexadecane as indicated 
by the e"f of the hydrocarbon and the 
oxygen absorbed as a function of deterio- 
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ration time are shown in Figure 18. 
This hydrocarbon is very stable, with an 
oxygen absorption of approximately 600 
cubic centimeters “per kilogram at the 
end of 1,200 hours. At the end of this 
induction period, the rate of oxygen ab¬ 
sorption increases very greatly. During 
the induction period of the hexadecane, 
the conductance or power factor increased 
to relatively large values, approximating 
60 per cent. At the end of the induction 
period of approximately 1,200 hours, the 
conductance very rapidly decreased to a 
value approximating 0.1. Thus, even 
though this is a continuous-oxidation test, 
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the hexadecane exhibited limited-oxida¬ 
tion characteristics in view of its in¬ 
herent oxidation characteristics. During 
this induction period, the electrical charac¬ 
teristics correspond to the limited test 
previously discussed and shown in Figure 
15. These results are comparable to 
those for the commercial oil shown in 
Figure 8 which also had an initial induc¬ 
tion period. Following the transition 
from the limited to the continuous type 
of test, the conductance of the hexadec¬ 
ane again increased to relatively large 
values with continued oxygen absorption. 
Figure 19 shows the corresponding con¬ 
tinuous-oxidation characteristics for cis- 
decalin. As compared to the hexadecane, 
cis-decalin has a high rate of oxygen 
absorption. During an initial short 
period, the conductance of the cis-decalin 
decreases with time, giving a very low 
minimum value, approximating 0.2 with 
an oxygen absorption of approximately 
2,000 cubic centimeters per kilogram. 
Following this minimum value, the con¬ 
ductance rapidly increases to materially 
higher values. Thus the transition from 
limited- to continuous-oxidation char¬ 
acteristics proceeds very rapidly at the 
start of the test. These results check with 
the limited characteristics, as previously 
described and shown in Figure 16. The 
electrical characteristics of the hydro- 
carbon-impregnated cells for the con¬ 
tinuous tests of hexadecane and cis- 
decalin are shown in Figures 20 and 21. 
The conductance of the paper cell is 
shown at 85 degrees centigrade for fre¬ 
quencies from 60 cycles to 1,000 cycles 
per second. It is important that the con¬ 
ductance of the paper cell is relatively 
independent of frequency during the 
induction period for the hexadecane. 
Following the induction period, the con¬ 
ductance shows a gradually increasing 
characteristic with increasing frequency. 

In the case of cis-decalin, the conductance 
of the paper cell is analogous to that of the 
hexadecane after the induction period. 
These results show that, during the 
limited oxidation of hexadecane, the con¬ 
ductance of the hydrocarbon-paper com¬ 
bination is due principally to the con¬ 
ductance of the hexadecane contained in 
this cell. A conductance increasing with 
frequency is generally indicative of oxi¬ 
dation products which are adsorbed by 
the hydroxyl groups of the cellulose. 
These results indicate that the reaction 
products formed during the limited period 
are fundamentally different from those 
formed during the continuous period. 
Apparently the oxidation products or 
other compounds formed during the 
limited period are not of the type to be 


adsorbed selectively by the paper. In 
analyzing the results of the hydrocarbon- 
paper cell, note that Whatman’s 41 -H 
ashless filter paper has been used, instead 
of cable paper. The filter paper is of 
much lower density than cable paper, 
and so the results shown for the con¬ 
ductance as a function of frequency are 
more pronounced than would be the case 
with the higher-density paper. 

Comparison of New and 
Reconditioned Transformer Oils 

Limited-oxidation tests on a new and 
on a reconditioned commercial trans¬ 
former oil are shown in Figure 22. These 
tests were made at approximately 100 
cubic centimeters of oxygen per kilogram 
of oil, a copper-oil ratio of 1.6, and a tem¬ 
perature of 85 degrees centigrade. The 
results show that the reconditioned oil 
gives very much higher losses than the 
new oil. Separate measurements on the 
two oils in the absence of copper indicate 
approximately equal power factors for 
the oils. The high initial power factor for 
the reconditioned oil in Figure 22 is due 
to the time that the oil has contacted 
copper, after introducing oil to the system 
before an electrical test can be made. 
There are a number of factors that 
might be considered to, give the differ¬ 
ences between the two samples. Certain 
stabilizers that are present in the oil 
might have been used up in the initial 
service for the reconditioned oil. It is 
also possible that oxidation products 
produced under service conditions and 
not completely removed in the recon¬ 
ditioning treatment might make the 
reconditioned oil sensitive to copper in 
such a limited test. Both oils have essen¬ 
tially the same characteristics, and these 
tests were made at about the same time. 
Later tests made after the oils had been 
standing for some time indicate some 
change in the characteristics. This 
change with time has also been noted for 
other samples. However, at a given 
time, satisfactory check runs generally 
can be made. 

Electrical Measurements at Low 
Temperatures 

In analyzing the characteristics of 
mineral oils, it is difficult to determine 
the relative effects of the hydrocarbon 
components and of the nonhydrocarbon 
components, such as sulphur compounds. 
Normally refined oils generally have 
relatively low power factors or conduc¬ 
tivities; since these oils do contain non¬ 
hydrocarbons, these components ap- 
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parently do not contribute to the con¬ 
duction type of loss at elevated tempera¬ 
tures. However, at relatively low tem¬ 
peratures it may be possible to determine 
the presence of these materials, since 
the conduction loss would be eliminated 
by the increased viscosity of the oil. 
Accordingly, tests have been made on a 
number of samples over a frequency range 
of 100 cycles to 15 kilocycles at a tempera¬ 
ture range of 85 to —70 degrees centi¬ 
grade. These results are shown in Figures 
23 and 24. Figure 23 gives the results for 
an experimental transformer oil after a 
limited-oxidation test with lead-oil ratio 
of 1.6, a temperature of 85 degrees centi¬ 
grade, after 385 hours in the absence of 
oxygen. Figure 24 gives the results on the 
same oil under limited-oxidation test 
with 0.1 per cent cetyl mercaptan, a 
copper-oil ratio of 16, 105 cubic centi¬ 
meters of oxygen per kilogram of oil after 
648 hours at a temperature of 85 degrees 
centigrade. The electrical measurements 
are given in terms of the loss factor e" 
at the temperature indicated. At the 
elevated temperature of 85 degrees centi¬ 
grade, and at room temperature of ap¬ 
proximately 25 degrees centigrade, the 
conductance e"fis practically independent 
of frequency, showing that in this tem¬ 
perature range the loss is of the ionic type. 
With successively lower temperatures, 
the conduction loss decreases to relatively 
small amounts, and another type of loss 
gradually gives increasing values of loss 
factor e". The loss at the low tempera¬ 
tures is of the type due to dipole polari¬ 
zation. Measurements have also been 
made on the oil by itself, and at the low 
temperatures it gives approximately the 
same results. Certain types of hydro¬ 
carbons do have structures such as to 
give dipole moments. However, for the 
usual values it would be necessary for 
practically all of the hydrocarbons to 
have a dipole moment of approximately 
0.5 Debye unit to contribute the loss 
factors indicated at the lower tempera¬ 
tures. This seems to be a rather un¬ 
reasonable assumption. Accordingly, it 
is believed that other nonhydrocarbon 
components are at least partly respon¬ 
sible for the observed loss. Tests have 
also been made at low temperatures and 
over a wide frequency range for the same 
oil before and after contacting-copper. 
Even though there was a very large 
difference between the power factor at 
85 degrees centigrade, there was very 
little difference in the loss factor at the 
very low temperatures. These results 
indicate at least qualitatively that the 
electrical instability with copper under 
limited tests is due to an ionic type of 
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loss and that contacting copper does not 
change appreciably the loss character¬ 
istics of the nonhydrocarbon components 
of the oil. 


Summary of Results 


1. The presence of copper produces the 
electrical instability in limited-oxidation 
tests. Tests on several oils have indicated 
that the power factor is nearly proportional 
to the amount of copper area present, at 
least over a limited range. 

2. The presence of lead in a limited-oxida¬ 
tion test produces results analogous to those 
tor copper. Lead is somewhat more diffi¬ 
cult to work with, because of the difficulty 
m cleaning the lead surfaces and also in 
obtaining convenient lead-oil ratios. 

3. The presence of paper in limited-oxida¬ 
tion tests generally has a negligible effect. 
The products that are responsible for the 
limited-oxidation type of loss are not ad¬ 
sorbed by the paper. In the continuous- 
oxidation test, the presence of paper may 
Play an important part. This is due to the 
tact that, under continuous oxidation, acids 

“f ar ? P^ced which are readily 

adsorbed by the paper. 

4. A study of the copper-oil ratios in oil¬ 
paper cables indicates that relatively high 
J n a i “ e . Smay b e obtained for certain limiting 
conditions, such as for the oil in the strand 
space Prior the oil in the layer of insulation 
, sheath or conductor. It is 

rather difficult to reproduce these ratios in 
a satisfactory test cell. It is believed that 
tnese ratios are quite important in the 
operating performance of oil-paper cables. 

5. An oil with a small percentage of aro- 


Figure 23 (left). 
Loss factor as a func¬ 
tion of frequency 
and temperature 

Experimental com¬ 
mercial transformer 
oil, limited oxida¬ 
tion, 85 degrees 
centigrade,- 0 cubic 
,centimeters oxygen 
per kilogram oil, 1.6 
square centimeters 
lead per gram oil; 
measurements made 
at the end of 385 
hours of test 

Figure 24 (right). 
Loss factor as a func¬ 
tion of frequency 
and temperature 

Experimental com¬ 
mercial transformer 
oil plus 0.1 per cent 
cetyl mercaptan, 
limited oxidation, 85 
degrees centigrade, 
100 cubic centi¬ 
meters oxygen per 
kilogram oil, 16 
square centimeters 
copper per gram oil, 
measurements made 
at the end of 648 
hours of test 
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matics generally gives a more stable oil 
under limited oxidation in the presence of 
copper from an electrical point of view. 
The amount of the aromatics as indicated 
by specific dispersion is not too definite, but 
is believed to be somewhere between the 
110 and 120 range. It may be that the 
amount of aromatics for electrical stability 
is not only a function of the amount of 
aromatics themselves, but is also a function 
of the copper-oil ratio and the amount of 
available oxygen in a limited test. 

6 Oils with different physical character¬ 
istics show wide differences in the electrical 

t tr ct r iCS Und , Er the bmited-oxidation 
tests. For example, certain oils will give 
maximum electrical instability, as indicated 
by high power factor, with the oil contacting 

tw r •? th m absence of ^ygen. Generally 
riiese oils will produce lower power factors 

mth increasing amounts of available oxy- 
? Other oils give a maximum electrical 
instability as indicated by high power factor, 
with amounts of available oxygen in the 
range of a few hundred cubic centimeters of 
oxygen per kilogram of oil. 

Overrefined oils generally give good elec¬ 
trical stability in the initial period of a con- 

orXr,! 1 ^ 11011 t6St Such oils ^nerally 
produce large amounts of water and low- 
molecular-weight acids. 

fxhih;t PreSeata i. tiVe Straight hydrocarbons 
exhibit somewhat the same characteristics 
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under limited-oxidation tests as apply to 
commercial, electrical insulating oils. Ac¬ 
cordingly, it is believed that the type of 
hydrocarbon plays at least some part in the 
characteristics of a given mineral oil. 

9.. The nonhydrocarbon components of a 
mineral oil determine to a large extent the 
characteristics of that oil under limited 
oxidation. In many cases, the addition of 
a few tenths of a per cent of added com¬ 
pounds may change very greatly the char¬ 
acteristics of an oil. 

10. ril s under limited-oxidation test in 
the presence of copper may produce very 
high electric losses without any significant 
change in color. This would indicate that 
a copper compound formed is in the cuprous 
stale. 

11. It has been observed that mineral oils 
may change their limited-oxidation charac¬ 
teristics with time of standing in a con¬ 
tainer. 
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An Improved Axial Air-Blast Interrupter 
for Severe Operating Duty 

P. L. TAYLOR 

ASSOCIATE AIEE 


H eretofore it has not been 

feasible to build power circuit 
breakers capable of many repetitive 
operations at high currents without 
maintenance and contact renewal. The 
evident need for breakers capable of 
scores of high-current interruptions be¬ 
tween maintenance periods and, at the 
same time, easy and economical to main¬ 
tain has stimulated the development of 
an improved circuit interrupter of oilless 
design. 

The accomplishment of the design 
has been made possible by a further de¬ 
velopment of the axial air-blast principle, 
which is of truly American origin, having 
been conceived by Read about the turn 
of the century. 

Analysis indicated that, because of the 
combination of repetitive duty require¬ 
ments and the restricted space limitations 
imposed, the lower-interrupting-capacity 
breakers in the range from 100,000 to 
250,000 kva would present the more 
difficult problem. The 150,000-kva 5- 
kv rating was, therefore, selected as a 
vehicle for the development of the new 
interrupter. 

The axial air-blast interrupting prin¬ 
ciple was considered to offer the better 
possibilities, in view of the improvements 
over European designs, 1 reported by 
Edsall and Stubbs, 2 which permitted 
interruption of currents of the order of 
60,000 rms amperes in the 500,000-kva 
15-kv size. It was appreciated that the 
adaptation of the axial air-blast inter¬ 
rupting principle to the repetitive inter¬ 
ruption of the 37,500-ampere (rms) 
maximum interrupting duty of the pro¬ 
posed 150,000-kva design would impose 
difficulties, because of the necessity of 
accommodating this breaker within the 
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restricted space available in standard 
metal-clad switchgear. 

The basic theory of interruption by the 
axial air-blast interrupting principle and 
the sequence of operations for an axial 
air-blast circuit breaker were discussed 
by Edsall and Stubbs. 2 The physical 
arrangement of parts for the 150,000-kva 
air-b^st breaker, to which the new in¬ 
terrupter has been applied, differs some¬ 
what from that of the 500,000-kva 
breaker described in the Edsall-Stubbs 
paper. The arrangement and sequence 
of operation for the new 150,000-kva 
breaker are described in Appendix A. 

Development of the Interrupter 

In the interest of an appreciation of the 
problems involved and their solution, it 
is desirable and interesting to review 
briefly the various designs of interrupters 
tested, intermediate between the inter¬ 
rupting chamber described by Edsall 
and Stubbs and the new interrupter. 

Figure 1A shows the initial adaptation 
of the American axial air-blast interrupt¬ 
ing chamber 2 to the space limitations 
imposed by the 150,000-kva 5,000-volt 
air-blast circuit breaker within a standard 
vertical-lift metal-clad switchgear unit 
having an over-all width of 26 inches. 
The contacts are shown in the vertical 
arrangement used in the adaptation to 
the limiting dimensions of the equivalent 
three-pole-in-one-tank oil circuit breaker. 
The arrangement of terminals corre¬ 
sponds to that of the oil circuit breaker. 
In the 600-ampere size shown, only a 
single plunger-type contact was used. 
The arrangement shown in Figure 1A 
was capable of performing up to about 
25,000 rms amperes but developed oc¬ 
casional trouble on high peak inrush 
currents because of contact freezing. 

In order to overcome the freezing 
tendencies, auxiliary stationary finger 
contacts co-operating with a bell-shaped 
movable auxiliary contact were added as 
shown in Figure IB. The movable auxil¬ 
iary contact was arranged in a telescoping 
relationship with the movable arcing 
contact to insure the proper sequence of 
operation. This arrangement eliminated 
the freezing tendencies experienced with 



A. Contacts in interrupting position 



B. All contacts in normal position 



C. All contacts in interrupting position 



Figure 1. Experimental interrupting chambers 
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Tabic h Data on Typical Series of Single-Phase Interrupting Tests Using Experimental 
150,000-Kva Interrupter Shown in Figure 1C 

Complete Series Made With Single Set of Contacts Shown in Figure 3 


Test 


-142.1 
“142 2 
-142 3 

-143.1 
-143.2 
-143 3 


-140.1 

-140.2 

-140.3 

- 147.1 

-147.2 

-147.3 


-140 1 
-140 2 
- 149.3 

- 150.1 

- 150.2 

- 150.3 



Test Voltage 

Rms Amperes 

Arcing Time 

Breaker Time 

Dutyf 

(Single-Phase) 

Interrupted 

(Cycles)** 

(Cycles) 

.( CO—30 seconds).2,330. 

_ 22 , 000 . 

_0 35.. 

2 8 


.... 20^000 . 

.0.05. 

.2.5 

.| —CO 

1.1,750. 

.... 20,100 . 

.0.15. 

.2.55 


).2,330 . 

22 inn 

. 0 . 0 *. 

.0.15. 

.2.4 

.2.85 


\ .1,970. 

.... 22,100 . 

.! —CO 

1.1,750. 

....20,800. 

. 0.2 . 

.2.9 


) . 2 aan 

....21,400. 

_19,850. 

....0.15. 

....05 



>.1,970. 

.2.9 

9 

.( —CO 

I.1,750. 

_16,450. 

....0 6 

3 25 


).2,330. 

_19.200. .. 

n 45 



>.1,970. 

.. . .20,800. 

. .. .0.15. ...” . 

.... 2.8 



-19,860. 

. ...0.05. 

.. . .2.5 


).2,330. 

. . .21,650. 

0 1 


. \ —CO—15 seconds 

.I —CO j 

>.1,970. 

. . .21,650. . . 

, 0.1 

. . . . 

o G 


.. .20,800. 

_0.3 

.... z.y 
. 2.8 


1 .2,330. 

.. . 21,200 . 

.. .21 onn 

....0.25. 

n o 

....3.05 

.( —CO ) 

.1,820. 

.. .20,750. 

...21,900. 

. . . . U.j£ ...... 

.... 0.2 . 

_0.4 

... .3.05 
... . 2.6 

o O 

►.1,970. 

.. .21,900. 

... .0.25.' 

. . . . o.U 

O cc 

• ■ • • ■ ( —CO 1 


. .. 20,100 . 

,..,o.l 

. - . .45.00 

O K 



.. .22,900. 

. .. 0.1 

> > . . 45.0 

q a 

.1,970. 

.. .20,900. 

■•-O.i 

• • . .O.U 

O Q 



. . .21,300. 

.. . 0.2 

• • - . *.o 

Q A 

J _OO ic , ( 


.. .21,900. 

... 0.1 

a . .O.U 

O A 

■ ■ • • \ ——15 seconds > 


. . .22,400_ 

... 0.2 

. . .O.U 

O A 

• • * ■ v —CO | 


. . .21,650. 

... 0.1 

. . . z.9 

0 Q 

• • -. j CO—30 seconds) 

• ■ ■ • \ CO—15 seconds > 

• - • • 1 —CO f 


. .21,900. . .. 

. . .o.l 

. . . 

o o 


. . .22,400. 

.. . 21,100 . 

• .. 0.2 

... 0.1 . 

. . .4^.8 

...3.1 
. . . 2.6 

is of these tests are shown in Figure 4 . ------—_ 



* Arcing time is measured in time units of , 


t CO 


loop or less after adequate parting of the arcing^ontacts” ^ SeCOnd * A11 arcin S times 


dose-open, 
are one current 


the arrangement shown in Figure 1 A. 
Sticking of the telescoping action be¬ 
tween the movable arcing and movable 
auxiliary contacts was, however ex- 
jterienced at high interrupting cuments 
because ot the blowback of metal along 
the movable arcing contact body. Be¬ 
cause of this sticking, the movable arcing 
contacts occasionally failed to reset 
resulting in the arc being drawn between 

L aUX " ar} ' C ° ntaCtS and “"sequent 
inefficient interruption on subsequent 

The movable arcing contact was next 
revised, as shown in Figure 1C, to £ 
corporate an annular groove or metal trap 

show£h '''f C0 ° HnS jets ‘ TabIe 1 
June, the interrupting performance ob- 

t£ed r£w th ?t arrangement when 
Of ti •jo ”’ 300 ' ° ts across a single pole. 

•’5 Of 10 ' ' nterruptlons at approximately 

jr-s rs rtn ~ 

30 interruptions. Fieure q < 4 , , 

of the faj gI1 for pnrpose 

324 


comparison. Figure 4 shows a series of 
typical test oscillograms from Table I. 

. T ab k II shows an additional series of 
single-pole interrupting tests made at 
currents ranging from 3 to 19,000 am¬ 
peres with as high as 4,500 volts across 
the single pole. The majority of the 
ests for which data are given in Table II 
was made on a close-open—30 second— 
c ose open — 15 second _ c]ose _ Q 

basis. A series of typical oscillograms 
from Table II is shown in Figure 6 . 

When an attempt was made to extend 
he device shown m Figure 1 C to opera¬ 
tion at currents up to 37,500 rms am¬ 
peres, inconsistencies in performance 
developed, apparently, because of chance 
disposition of the metal vapor thrown 
trom the contact surfaces and driven 
ack up the air stream. Chance dis- 
posrtion occasionally placed this vapor 
between the auxiliary current-carX 
contacts m such position and in such 

XX as t0 cause reignition of the 
arc at this point. This difficulty appears 
to have been similar to that encountered 
by Prmce, Henley, and Rankini wh £ 

bv a £ £ t0 the Plugging of orifice 

by a large diameter arc. 

Figure ID shows the next major step, 


Figure 2. Final experimental interrupting 
chamber with refractory throat 

All contacts in interrupting position 

in which the arcing contacts were longi¬ 
tudinally displaced below the auxiliary 
contacts to provide isolation between the 
arcing contacts and the auxiliary con¬ 
tacts. A metal subchamber or trap was 
inserted between the auxiliary contacts 
and the arcing contacts, into which the 
major proportion of the metal vapor 
would be driven and trapped. This 
arrangement showed a marked improve¬ 
ment in interrupting performance over 
the arrangement shown in Figure 1C, 
but difficulty was encountered because of 
an occasional tendency of the arc ter¬ 
minal on the stationary arcing contact 
to move outward away from the orifice 
along the floor of the metal subchamber, 
thereby escaping from the effective zone 
of the air blast. 

In all of these arrangements (Figures 
1A to ID) plain copper or brass arcing- 
contact surfaces were used. Thus, even 
with the base metal contacts, this device 
is capable of large numbers of interrup¬ 
tions without contact maintenance at 
currents up to the breaker maximum 
rating of 37,500 amperes. 

. Tlle finaI experimental arrangement, 
incorporating a streamlined refractory 
throat in place of the metal subchamber 
is shown in Figure 2 . The throat was 
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Figure 3 Arcing contacts as used in experi¬ 
mental interrupting chamber, figure 1C 

Left—Unused contacts 

Right—Contact after 30 shots at 25,000 rms 
amperes 
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Trip Current 


1- V • ■ 


A A ! 

■* v v r—i , I; \n 

V ... 1y V 


0-2 «v * 
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AI 


A2 


A3 


Oscillo- Current 
gram Interrupted 
Number (Amperes) 


Restored 
Voltage 
Across 
Pole Unit 
(Volts) 


Duty Cycle* 


A 1 . 

..22,100. . 

. .2,330 

A2. . 

. .22,100. . 

. .1,970 

A3.. 

..20,800. . 

. .1,750 

SI. . 

. .22,900. . 

. . 2,260 

#2. . 

. .20,900. . 

. .1,910 

S3.. 

. .21,300. . 

..1,770 


y-w 

Md 


1 —30 seconds 
15 seconds 


CO—30 seconds 
CO—15 seconds 
CO 


*CO—close-open. 

designed to collect and cool metallic 
vapor and particles and to shield the 
auxiliary contacts. Further, the inner 
surface of the throat was so arranged as 
to streamline the air flow behind the orifice 
so as to result in a highly effective sweep¬ 
ing of the zone of arc inception. The air 
flow approaching the orifice was then such, 
in combination with the sudden expansion 
of the air immediately beyond the orifice, 
as to result in a highly effective diffusion 


600 * Timing 
0,05 ~ 


0-05 -+ 


Voltage 


Fault Current 

V 


; 


o-\? 4 

iiv^ 


Bf 


Figure 4 (above). Typical test oscillograms 
from Table I 

Tests on interrupter shown in Figure 1C at 
2/300 volts across a single pole 



Figure 5. Movable and stationary arcing 
contacts as used in final experimental inter¬ 
rupting chamber shown in Figure 2 

Left—Unused contacts 

Right—Contacts after 16 shots at approxi¬ 
mately 37/500 rms amperes 

and cooling of the arc products which 
has been shown 3 to be essential to effi¬ 
cient arc interruption. Tungsten-silver 
arcing-contact facings were used to 
limit further the emission of metallic 
vapor and to increase contact life. 

Table III indicates the performance 
of the final experimental interrupting 
chamber during a series of 1G close-open 
interruptions, at 35,000 to 40,000 rms 
amperes, made with reduced air pressures 
of from 120 to 130 pounds per-square- 
inch gauge. Figure 5 shows a set of 


jlMki I 


B2 


B3 


stationary and movable arcing contacts, 
taken from one pole of the three-pole 
breaker tested, beside a set of new con¬ 
tacts of the same design. The condition 
of the used contacts clearly indicates 
that they were capable of considerable 


Figure 6 (below). Typical test oscillograms 
from Table II 

Tests on interrupter shown in Figure 1C at 
voltages up to 4,500 volts across a single pole 


Oscillo 

gram 

Numbei 

Current 
Interrupted 
r (Amperes) 

Restored 

Voltage 

Across 

Pole Unit 
(Volts) 

Duty Cycle* 

Al.. 

5.1 . . 

. .2,320) 

f O—15 seconds 

A2.. 

9.3.. 

. .2,040} * 

l o 

A3.. 

16.7.. 

..2,180 ... 

o 

SI. . 

. .22,500.0. . 

..2,330) 

i CO—15 seconds 

S2. . 

. .22,900.0. . 

. .2,180 v• ■ . * 

x —CO—15 seconds 

S3. . 

. .24,800,0. . 

. .2,040) 

(—CO 

Cl.. 

.19,400.0. ., 

.4,370 1 j CO—15 seconds 

C2.. 

. .17,000.0. . . 

•4,170 >• ■ • < —CO—15 seconds 

C3.. 

.18,350.0 .. 

.4,020) 

(—CO 

*CO- 

close-open. 
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Figure 7 (above). Typical test oscillograms 
from Table III 

Interrupter as shown in Figure 2 at 2,300 volts 
across a single pole 


Figure 8 (below). Typical test oscillograms 
from Table IV 

Interrupter as shown in Figure 2 at 2,300 volts 
across a single pole and with reduced air 
pressures of 110 to 80 pounds per square inch 


Cur- Restored 
rent Voltage Air 
Oscillo- Inter- Across Pres- 
gram rupted Pole Unit sure 
Number (Amperes) (Volts) (Pounds) Duty Cycle* 


Cur- Restored 
rent Voltage Air 

Oscillo- Inter- Across Pres- 

gram rupted Pole Unit sure 
Number (Amperes) (Volts) (Pounds) Duty Cycle* 


A 1 .. . 39 , 700 .. . 2,070 130 ) (CD _ is, j 

• • 38,000.. . i; 88 o: :. is} ■ • {°_co ds 

£1 - 39 , 800 .. . 2.070 130 ) (CD ic _i 

62 . . 34 , 800 . . . 1 , 880 .,l£} '' { 

Cl.. .39,700. . .2,070 130) rrn -ic . 

C2 ..38.000.. .1.880. . .ill} '' | C0 Zj. 5 0 sec ° nds 


* CO close-open. 


A1 .. .39,700.. .2.070.. 110) rfD -ic j 

**■ ■ -38,000... 1,880. . .103} '' { CO Zj; 5 o Sec0nd5 

38,000... 2,070 100) (cr^ -ic . 

62 . ..38,000... i; 8 80. . 94 } ' • { CO Z^ 0 Seconds 

Cl...39,000 ..2,070... 90) rro—ic , 
C2. .. 38,000... 1,810... 841 " { -CO 

D. . . .38,000. ..2,070... 80.CO 


* CO—close-open. 


uuu amperes, cm. cll ui ueiuvv _ 

minimum operating- pressure. The peak 
inrush currents closed on some of these 
tests were as high as 115,000 amperes. 
The contacts used during this series of 
tests are shown in Figure 9. 

The final design of the new interrupting 
device is shown in Figure 10. Figure 
11 shows a typical set of arcing contacts 
after 26 close-open operations at 37,500 
amperes with this arrangement. 

Table VI shows a series of three-phase 
tests made at currents of the order of 
40,000 to 50,000 amperes. The arcing 
time on these tests, most of which were 
far. in excess of the maximum current 
rating, was in all cases less than one-half 
cycle. 



.I, 



additional performance at the same hi<rh 

interrupting currents. Figure 7 shows a 

-senes of typical oscillograms taken during 

the senes of tests tabulated in Table III 

tes t™ ° f 25 c * ose_0 pen interrupting 

Sre iT™ m TaWe IV - Th «e tests 

and 4 imi e CUTrentS between 3 5,00O 
and 40,000 amperes with a single set of 

arcing contacts and at low pressures 

r gfr r ii 0 do - to 8 °p°^ 

square-mch air pressure. Even at these 
Pressures the arcing times were all 
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less than one current loop after adequate 
parting of the arcing contacts. Figure 
8 shows a series of typical oscillograms 
taken during these tests. 

im a w V iS a summar y of a series of 
100 shots made on a single set of con- 

ac s a currents ranging from iq } 000 to 

Figure 9. Contacts used during test series 
shown in Table V 
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It will be noted from the various in- 
terrupt.ng-test oscillograms and data 
shown that consistent interruption at the 
rst current zero following parting of the 
arcing contacts (maximum one current 
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STATIONARY 
ARCING 
CONTACT 


Figure 10. Final design of interrupting device 
with refractory streamlined throat and tungsten- 
silver-surfaced arcing contacts 

All contacts in normal position 

loop* arcing time) was obtained through¬ 
out the range from zero to far beyond 
maximum rated interrupting amperes. 

A large proportion of these tests were 
close-open shots, which fully demon¬ 
strated the ability of the high-speed 
isolating contacts to close in on high in¬ 
rush currents. These isolating contacts 
have repeatedly closed against peak in¬ 
rush currents up to 115,000 amperes 
without appreciable burning. Figure 12 
is an oscillogram of a close-open shot on 
which the breaker closed against 115,000 
peak amperes. Literally hundreds of 
high-current closures without mainte¬ 
nance are to be expected. Thus, the in¬ 
herent closing as well as opening abilities 
of this breaker are far superior to that 
of any oil or magnetic breaker with which 
we are familiar. 

The Breaker 

The new axial air-blast breaker is de¬ 
signed to recognize the requirements of 
modern metal-clad switchgear. The 
breaker is comparable in size and shape 
to the common-frame indoor oil circuit 
breaker of the same rating. The arrange¬ 
ment of terminals is the same as for the 
equivalent oil circuit breaker, and the 
supporting framework is so arranged 
as to enable complete enclosure if re¬ 
quired. Figure 13 shows the general 
arrangement of parts. A 2,000-ampere 
5,000-volt 150,000-kva breaker is shown 
in Figure 14. 

* It is to be expected that the arcing time will 
occasionally exceed one current loop by perhaps 
as much as one-tenth cycle, since the theoretical 
maximum arcing time is equal to one current loop 
plus the time necessary for the arcing contacts to 
reach the separation necessary for interruption. 


Table II. Data on Typical Series of Single-Phase Interrupting Tests Using Experimental 
150,000-Kva Interrupter Shown in Figure 1C 


Test 

Number 


109-117.1*. 

-117.2*. 


, J. est . V ° Rage . Rms Amperes Arcing Time Breaker Time 

(Single-Phase) Interrupted (Cycles)** (Cycles) 


STATIONARY 

AUXILIARY 

FINGER 

CONTACTS 


MOVABLE 
ARCING 
CONTACT 


O—15 seconds).2,320. 

—O /.2,040. 

O—15 seconds).2,180. 

J.2,180. 

O—15 seconds ).2,180. 

—O J.2,110. 


CO—15 seconds ).2,330.12,600 .... 0 05 

— co f . 2 ,i 8 o.10,700. :;;; 0 ;2 

CO—15 seconds).2,260.22 500 0 1 

-CO—15 seconds V.2,260.22,900 . o’l 

~ C0 I.2,110.24,800 .0 5 


CO—15 seconds 
-CO—15 seconds 
—CO 


—CO—15 seconds ; 
—CO | 

CO—15 seconds) 
—CO—15 seconds ; 
—CO I 

CO—15 seconds) 
—CO—15 seconds > 
—CO | 

CO—15 seconds) 
—CO—15 seconds). 
—CO | 

CO—15 seconds) 
-CO—15 seconds > 
—CO ( 


-.2,260. 
..2,110.... 

.22^900 . 

.0.1 . 

.0 5 

9 gs 

..2,400. . .. 


.0.1 . 

.2.7 

..2,180.. .. 

.26,100 . 

. 0 4 

9 gg 

..2,040. 


.o.4; 

.3,3 

. .4,360. 

.15,200 . 

. 0 2 


. .4,820. 

.16,400 . 

.0.45. 

.3.2 

..4,450. 

.16,400 . 

.0.45. 


..4,230. 


. o ot 

2 4 

..4,670. 

.18,350 . 

.0.35. 

.2.85 

. .4,370. 

.15,900 . 

.0.3 

2 75 

..4,230. 

.15,800 

.0.3 . 


. .4,600. 

.19,400 , 

.0.15. 

.2.9 

..4,370. 


.0.05. 


.4,170. 

.18,350 .. 

.0.1 . 


.4,370. 


.0.3 . 

.2.75 

.4,170. 

.18,000 .. 

.0.1 . 


.4,020. 

.19,200 .. 

.0.1 . 

.2.5 

.4,600. 

.17,100 .. 

.0.45. 

.2.8 

.4,370.. 

.16,500 .. 

.0.2 . 

.2.75 

.4,230. 

.16,300 .. 

.0.0*. , 

.2.35 

.4,520. 

.16,800 . . 

.0.1 

9 (> 

.4,370. 

.19,100 . . 

.o.i !' 

.2.65 

.4,230. 

.16,300 .. 

.0.1 . , 

.2.7 

ire 6. 


t O—open; 

CO—close-op 


Aiding Lime is measured m time units of one cycle or 1 
rent loop or less after adequate parting of the arcing contacts/ 




mm 



Figure 11. Contacts 
after 26 close-open 
operations at 37,500 
amperes 


Table Ilf. Data on Typical Series of Single-Phase Interrupting Tests at Reduced Air Pressure 
Using Final Experimental 150,000-Kva Interrupter Shown in Figure 2 


Test 

Number 


/^ r T? reSSUre T . est Voltage Rms Amperes Arcing Time Breaker Time 
(Lb Per Sq In.) (Single-Phase) Interrupted (Cycles)** (Cycles) 


109 315.1 . . ( CO—15 seconds ) 
-315.2.. I —CO } 

-316.1 . . f CO—15 seconds ) 
-316.2 . . { —CO ) 

-317.1 . . ( CO—15 seconds) 
-317.2 . . \ —CO J 

-318,1*. . ( CO—15 seconds) 
-318.2*. . X —CO } 

-319.1 . . f CO—15 seconds ) 
-319.2 . . \ —CO ) 

-320.1*. . f CO—15 seconds ) 
-320.2*. . 1 —CO J 

-321.1 . . ( CO—15 seconds ) 
-321.2 . . { —CO J 

-322.1*. . ( CO—15 seconds ) 


.130. 

.2,070_ 

.... 38,000 . 

n 4 

3 1 

.122. 

.1,940. . . . 

-36^300. . 

.0.6 

.3.3 

.130. 

.2,230_ 

_39,200. . 

.0.3 . , . 

.3.1 

.122. 

.1,940. . . . 

.. . .38,200 

n 3 

9 7* 

130. 


.. . .38,800. . 

.0.05. . 

.2.75 

122. 

.1,880. . . . 

_38,800. . 

.0 2 . 

2 Q 

130. 

.2,070_ 

_39,700. . 

.0.05. 

2 55 

122. 

.1,940_ 

_38,000. . 

.0.2 .. 

. 2.8 

,130. 

.2,230_ 

-39,700. . 

.0.05. . . 

. 2.55 

,122. 

. 1,880.. . . 

_38,000. . 

.0.2 ... 

.2.7 

,130. 

.2,230.. . . 

_39,800. . 

.0.4 

2 R 

,122. 

.1,880. . . . 

. . ..34,800. . 

. . . . ,0.4 ... 

.3.0 

130. 

.2,230.... 

. ...38,900. . 

. 0.25. .. 

.2.7 

122. 

.1,940. .. . 

....39,700,. 

. 0.2 ... 

. 2.8 

130. 

.2,230. . . . 

_39,700. . , 

.0.2 ... 

2 5 

122. 

.1,940. . . . 

. . . .38,000. . , 

.0.05... 

. 2.7 


* Oscillograms of these tests are shown in Figure 7. 
** Arcing time is measured in units of one cycle or i 


t CO—close-open. 
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TabU IV. Extended S ries of Single-Phase Interrupting T sts at Low Air Pressure Using Final 
Exp rimental 150,000-Kva Interrupter Shown in Figure 2 


Test 

Number 

Air Pressure Test Voltage 
Dutyf (Lb Per Sq In.) (Single-Phase) 

Rms Amperes 
Interrupted 

Arcing Time 
(Cycles)** 

Breaker Time 
(Cycles) 



1 110 

9 9-80 

39 700 . 

_0.1 .... 


-327.2*. 

. 1 —CO 

)....103. 

.1,940_ 

....38,000.... 

....0.2 . . 

.3.2 



110 

9 9^0 

3fi 300 

. .0.5 . 

.3 4 

-328.2 . 

I —CO 

. . . .103. 

. 1,940. . . . 

. . . 39,700. . . . 

.. . .0.4 . 

.3.2 

320 1 


_ no . 

... 2 230 

. .38,800_ 

_0.2 . 

.3.1 

-329.2 . 

i —CO 

....103. 

. 1,940.. . . 

. . . 37,200. . . . 

_0.3 . 

.3.3 

-330.1 . 

( CO—15 seconds 1 

....110. 

. . . . 2,230_ 

. . .38,800. .. . 

. . . .0.1 .... 

. ..2.9 

-330.2 . 

1 —CO 

_103. 

. 1,940. 

. . .38,800. .. . 

. . .0.35. 

.. . .3.45 

331.1 . 

( CO—15 seconds ) 

_110. 

. . . .2,230. 

. . .38,800. . . . 


....3.3 

-331.2 .. 

1 —CO 1 

....103. 

.... 1,940. 

.. 38,000.... 

. . .0.5 . 

....4.7 

332.1 .. 

/ CO—15 seconds 1 

....110. 

. . . .2,230. 

. . .37,300. . . . 

...0.6 . 

....3.2 

-332.2 .. 

i —CO i 

....103. 

. . . .1,940. 

. . 38,000. . . . 

. . .0.15. 

....3.15 

-333.1 .. 

f CO—15 seconds ) 

. . . .110. 

_2,230 . . . 

. . .39,700 _ 

. . .0.3 . 

_3.3 

-333.2 .. 

1 —CO i 

....103. 

... .T880. 

. .37,500. 

. . .0.2 . 

.. . .3.2 

-334.1 .. 

f CO—15 seconds ) 

....no . 

. .. .2,230. 

. . .39,800. 

...0.2 . 

. . ..2.8 

-334.2 . . 

I —CO J 

_103. 

. .. . 1,940. 

. . .38,800. 

. ..0.25. 

....3.25 

-335 .., 

. .. . Calibration 






-33fi.l *. . 

f CO—15 seconds 1 

. ...100. 

. . . .2,230. 

. .38,000. 

. . .0.6 . 

...3.6 

-330.2*. . 

f —CO J 

. ... 94. 

.. ..1,940. 

. .38,000. 

...0.3 . 

. . .3.2 

-337.1 .. 

( CO—15 seconds ) 

, ...100. 

_2,230. 

. .38,800 

0 25 

5 25 

-337.2 . . 

i —CO f 

... 94. 

. . . . 1,940. 

. .36,300. 

...0.6 . 

...3.8 

-338.1 .. 

f CO—15 seconds 1 

... 90. 

, . . .2,230. 

..38,900. 

...0.6 . 

...3.7 

-338.2 .. i 

l —CO f 

... 84. 

...1,940. 

. .37,400. 

. . .0.55. 

. ..3.75 

-339.1*.. j 

f CO—15 seconds ) 

... 90. 

.. 2,230. 

. .39,000. 

. . .0.45. 

.. .3.55 

-339.2*.. 1 

1 —CO J 

... 84. 

... 1,880. 

. .38,000. 

...0.6 . 

. . . 5.4 

-340 . . . 

.. .Calibration 






-341* ... 

.CO. 

... 80. 

. . .2,230. 

. .38,000. 

, . .0.55. 

.. .3.55 


OJ tnese tests are snown in figure 8. f CO—close-open 

is measured in units of one cycle or i/ 60 second. All arcing times are one current loop or 
less after adequate parting of the arcing contacts. P 


Figure 10 shows the final version of the 
new interrupting device. The arrange¬ 
ment represents the consummation of 
the development herein described. The 
arrangement of the contacts, in con¬ 
junction with the pneumatic operating 
and interrupting systems, is such as to 
promote reliable effective high-speed 
operation. In the 2,000-ampere size, 
the contacts shown in Figure 10 are short- 
circuited, except during the interrupting 
process, by solid-copper main current- 
carrying contact blocks provided with 
silver contacts. The arcing contacts 
are faced with tungsten-silver arcing 
material. All contacts are readily ac¬ 
cessible for inspection and are capable 
of easy and speedy replacement. 

Figure 15 shows metal-clad switchgear 
installation using these breakers. 

Conclusion 


Comprehensive test data indicate that 
means have been found to augment the 
rate of ion diffusion, and to control 
metallic emission and its effects, so that 
axial air-blast circuit breakers, even in 
small physical sizes where space limita¬ 
tions impose severe penalties, not only are 
capable of interrupting the highest short- 


Table V. Summary of Series of 100 Sin g le-Phase Interrupting Tests Made at or Below Minimum 
Operating Pressure at Currents Ranging From 10,000 to 41,000 Amperes on a Single Set of 
Contacts, Shown in Figure 9, as Used in Final Experimental Arrangement Shown in Figure 2 


Number of 

Shots 

Rms Amperes 
Interrupted 


Duty* 

Arcing Time 
(Cycles)** 

30. 



.CG. 


21. 

15. 



.CO. 


21. 

4. 



.CO. 

CO 


9. 

.35,000-41,000.. 



H 1 i A a ce 

100 





T —close—open. -- 




All arcing times are one current loo 




Test 

Number 

Duty* 

Rms Amperes Interrupted 


Arcing Time 


A 

B 

C 

A 

B 

C 

118-301. 
-302. 
-303.. 
-304.. 


- 6,000.. 
-34,200. . 
-40,400. . 


.33,200. 

.41.700 

..0.1 . 
-.0.3 . 

.0.05_ 

.0.2 . 

...0.1 
- . .0.15 

-305.. 
-307.. 
-311.. 
-312.. 


.44,600. . 

• 44,200. . 
.27,800. . 

. No film— 
.45,000. . 

-approximately 45,000 amperes 

• ■0.2 .. 

. .0.25. . 
.. 0.1 .. 

. .0.2 

.0.3 .... 

.0.25. 

.0.3 .... 

.0.1 . 

. . .0.05 
. .0.05 

..0.05 
■ . .0.25 

-314.. 
-315.. 
-316,. 

. O. 

■44,600. . , 
•44,600. .. 


■ -..46,500... 

. .0.25.. 
-.0.3 .. 

. .0.25. . 

. .0.25. . 

.0.3 . 

.0.25. 

..0.05 

. .0.1 

-317]. 
-319., 

. O. 

•45,500. .. 
• 45,000. . . 

.49,500. . 

- . -47,200. . 

. - .47,200. . . 

.0.05. 

. 0.1 

..0.2 

..0.25 

..0.2 
..0.25 
. .0.25 

-320.. 
-321., 

' O—open 

—close-open. 

•47,100. . 
47,100. . . 
47,100... 


• ..47,600. 

. ..47,600_ 

• • .48,200. .. 

..0.25... 
..0.2 ... 
.0.05. . . 

.0.05. 

.0.05. . 

.0.25. . . . 
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circuit currents to which they may be 
subjected with a maximum arcing time 
of one current loop, but also offer excep¬ 
tional performance with extremely low 
maintenance even at those currents. 

This is contrary to the findings pub¬ 
lished by other investigators 1 ' 14 who 
found the current-interrupting “ceiling” 
of the axial (radial- or nozzle-type) 
air-blast circuit breaker to be too low 
for use on American systems. The con¬ 
siderable penetration beyond this “ceil¬ 
ing obtained with the interrupter de¬ 
scribed, again confirms the adequacy of 
the axial air-blast circuit breaker for 
American use. The evidence indicates 
that no such fixed ceiling or point of 
breakdown of relative values exists, and 
that still further development and ex¬ 
tension of the potentialities of the device 
may be expected. 

The exhaustive test data submitted 
demonstrate that this small axial air- 
blast breaker, equipped with the im¬ 
proved interrupter, will interrupt success¬ 
fully scores of faults, without mainte¬ 
nance, at currents up to 50,000 amperes 
(over 130 per cent maximum interrupting 
current rating) in one-half cycle or less. 
The burden of evidence implies that a 
single set of contacts will last throughout 
the life of the breaker on the average 
application. We submit, therefore, that 
this appears to be truly a severe duty 
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air-blast valve and admitting compressed 
air through insulator column 3 to contact 
chamber 4. The compressed air at once 
acts upon a piston attached to the upper end 
of the movable arcing contact (which is 
normally held closed by heavy springs). 
First the auxiliary current-carrying con¬ 
tacts (see Figure 10) are separated and are 
followed by withdrawal of the movable arc¬ 
ing contact from the stationary arcing con¬ 
tact (which is also the air outlet), drawing 
an arc between the arcing contacts; at the 
same time compressed air is allowed to pass 
through the initial arcing zone and through 
the orifice in the center of the stationary arc¬ 
ing contact into interrupting chamber 5 and 
through cooling chamber 9 and muffler 10 
to atmosphere. On 2,000-ampere breakers 
pneumatic interlocks insure opening of the 
main bridging contacts before blast-valve 
operation is indicated. 

Tests have shown that a short arcing-con¬ 
tact separation is essential in order to obtain 
maximum air-blast efficiency and maximum 
arc control. 2 In order to provide circuit 
isolation in the open position, therefore, 
isolating contacts 15 and 16 are connected in 
series with the arcing contacts. 

As the arc is drawn between the arcing 
contacts, the swiftly flowing compressed air 
centralizes and extends the arc, forcing it 
into contact with an electrode situated below 
the orifice in the center of the interrupting 
chamber 5. The outer end of the electrode 
is connected to one end of a resistor non- 
iinductively wound around the outside of the 
cooling chamber 9 and protected by an 
outer insulation tube. The other end of the 
resistor is connected through insulated ctm- 


The arrangement shown in Figure 13 is 
used for 2,000-ampere circuit breakers and 
consists essentially of a fabricated rectangu¬ 
lar steel framework in which are mounted 
the interrupting members, isolating con¬ 
tacts, and an operating air tank, in which 
compressed air is stored for operation of the 
breaker. The breaker air tank 1 is mounted 
at the top front of the structure. It is 
connected to the interrupting assembly 
through a main air-blast valve 2 and hollow 
insulator 3. The interrupting assembly, 
consisting of a contact chamber 4 and inter¬ 
rupting chamber 5, is rigidly mounted be¬ 
tween the terminal stud 8, and cooling 
chamber 9, which is connected to muffler 10. 

When closed, the circuit through the 
breaker is from terminal stud 8, through 
bridging contacts 11 to terminal stud 12, 
and the operation is so arranged as to insure 
that the bridging contacts 11 will break first 
during the breaker opening operation and 
make last during closing. These bridging 
contacts are not used on 600- and 1,200- 
ampere breakers. 

When the main bridging contacts 11 are 
open, the circuit through the breaker is 
from terminal stud 8 through the movable 
and stationary arcing contacts to bronze 
contact chamber 4, and thence through 
movable isolating contacts 15 and stationary 
isolating contacts 16 to terminal 12. Opera¬ 
tion of bridging contact 11 and movable 
isolating contact 15 is obtained pneumati¬ 
cally through actuation of double-acting 
pistons which transmit their closing and 
opening impulses through connecting rods 
so arranged that they assume an over¬ 
toggling relationship when the contacts are 



Th\p 
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^*9ure 12. Oscillogram showing breaker 
closing against 115,000 peak amperes 

interrupter, capable of meeting the re¬ 
quirements of the most exacting applica¬ 
tions, without drastic derating even on 
severe repetitive duty cycles. 

Appendix A. Circuit-Breaker 
Operating Sequence 


in the closed position, thereby locking the 
contacts closed and preventing inadvertent 
opening of contacts 11 and 15 caused by 
magnetic reaction during the passage of high 
currents. Solenoid control valves 19 con¬ 
trol the admission of air to the operating 
parts of the breaker during both the closing 
and opening functions. 

Opening 

Electrical operation of the opening control 
valve admits compressed air to the air-blast 
valve 2, causing immediate opening of the 
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nection 21 to terminal stud 8, so that, when 
the arc is forced into contact with the elec¬ 
trode, the resistor is automatically con¬ 
nected in parallel with the section of the arc 
between the movable arcing contact and the 
electrode. 

As the current approaches zero, the highly 
effective diffusion and cooling produced in 
the arcing zone by the sudden expansion of 
the compressed air as it leaves the orifice, 
heightened by the streamlining of the airflow 
m the refractory chamber behind the orifice, 
causes rapid deionization of the arc path, 
preventing reignition of the arc following 
current zero, achieving circuit interruption. 

Connection of the resistor into the circuit 
before current zero controls the amplitude 
and rate of rise of the recovery voltage ap¬ 
pearing between the arcing contacts (see 
Appendix B) which, coupled with the high 
dielectric value of the compressed air passing 
between the contacts, assists in preventing 
reignition of the arc. Continued flow of air 
through the cooling chamber and muffler 
scavenges the interrupting chamber and 
projects the cooled arc products into the 
atmosphere. 

Immediately following arc interruption 
compressed air is permitted to act upon a 
ouble-actmg piston; causing opening of 
iso aitig contacts 15 and 16 under no-load 
conditions; providing circuit isolation in 
senes with the arcing contacts. 

As the isolating contact 15 reaches the 
uH open position, an auxiliary switch opens 

v» 1 d ™ t Valve attached the air-blast 
valve 2 is actuated. Opening of the 
auxiliary switch de-energizes the opening 
control valve; shutting off air supply to the 
blast-valve cylinder. The slide valve bleeds 
off the a,r already in the blast-valve cylinder 
and admits air to the other side of the 
piston >. accelerating closing of the 
h V f' T ^ S cuts the air supply to 
chamber 4 resulting in reclosing of the arc- 

Thk p° nta , Ct f I ue to s P rill g pressure, 
f his completes the opening cycle. 


Closing 

As the interrupting contacts are always 
closed, except during the interrupting proc¬ 
ess, closing of the circuit is effected through 
closing of isolating contacts 15 and 16 on 
600- and 1,200-ampere breakers, and 

i6 ^ T,5 of isolating coatacts 15 and 

16, followed by closing of main bridging 
“ Ct / H . ° n 2,000-ampere breakers 
These functions are accomplished by elec- 

° f the Cl0sing: contro1 valve, 
which admits air to a system of double- 

cting pistons, which move contacts 11 and 

sequences ^ ^ “ the Correct 

on C 2 ° 0 m dent With * he closi ^ °f contacts 11 
2,000-ampere breakers, and with closing 
of contacts 15 and 16 on 600- and 1 200- 
ampere breakers, two limit switches close, 
one of which acts through the closing control 
relay to break the circuit to the closing con¬ 
trol valve, cutting off the air supply to the 
isolating and bridging contact operating 
cylinders. Closing the other limit switch 
completes the tripping circuit in readiness 
ror an opening operation. 

Close-Open Operation 

Dump valves are provided on the oper¬ 
ating cylinders to permit high-speed close- 
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Figure 14. Typical axial air-blast circuit 
breaker, 2,000 amperes, 5,000 volts, 150,000- 
kva interrupting rating 

open operation. Figure 16 shows the con¬ 
tact operating sequence for a close-open 
operation on a 2,000-ampere breaker. On 
the 600- and 1,200-ampere breakers the 
main bridging contact is omitted. 

Appendix B. Transient-Recovery- 
Voltage Control With Axial 
Air-Blast Breakers 

KARL LERSTRUP 

NONMEMBER AIEE 


When two contacts separate, as pictured 
m Figure 17A, to interrupt a short-circuit 
current, an arc will be drawn between the 
contacts. When the current passes its 
zero value, the arc will cease to exist, and 
a potential difference, e 0 (Figure 17B) will 
be established between the electrodes ac¬ 
cording to some function of time, e 0 =f(t) 

We are most interested, however, in the 
value of the first derivative with respect to 
time, de 0 /dt, in the very short interval fol¬ 
lowing a zero value of the current. If in 
this interval, the increase in electrical stress 
on the gap exceeds the recovery rate of the 
dideetnc strength, an electrical breakdown 
will follow, and the arc will be re-established . 13 

Successful current interruption is usually 
accomplished by designing the circuit 
breaker in such a way that the rate of di- 
electnc recovery is higher than the rate at 
which the electrical stress appears across the 
interrupting gap. 

It is evident, however, that the same 
result can be obtained by reducing the rate 
of rise of the electrical stress, so that it is 
below the limit set by the dielectric recovery. 

The rate of rise of electrical stress on the 
gap, immediately after a current-zero value 
characterized by the derivative de Q /dt, is a 
systein constant. It is mainly dependent 
upon sizes and locati ons of reactances and 
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capacitances in the system. The valuable 
help derived from the use of reactors to 
reduce the short-circuit current and thereby 
help circuit interruption has been long 
recognized. It is less appreciated that any 
addition of series reactance to the circuit 
will tend to reduce the magnitude of the 
voltage rise dejdt as will the addition of 
shunt capacitance. 

exten t to which such measures are 
helpful will depend largely upon the relative 
location. Possible sizes and locations of 
reactors are limited definitely by other con¬ 
siderations, but a wise application of capaci¬ 
tors undoubtedly will go a long way towards 
the relief of circuit breakers working close 
to their limits. 

Another method is to accomplish the 
interruption by a double break with one gap 
bridged by a resistor, such as pictured in 
Figure 18A. 

To understand the action of this resistor, 
we shall consider the situation immediately 
after a zero value of the current, such as 
pictured in Figure 18B. The two gaps are 
equivalent to two small capacitors in series, 
and since the resistance R is very small com¬ 
pared with the impedance of the capacitors 
ci and c 2 we can consider gap 1 as short- 
circuited, and we have a single-break propo¬ 
sition as pictured in Figure 17B The 
voltage over gap 2, therefore, will increase 
\nth the full value de 0 /dt as determined by 
the system constants. 

Under this heavy stress, gap 2 will break 
down as pictured in Figure 18C. (If not 
the interruption would be accomplished 
without benefit of the resistor, but this easy 
case is of no special interest.) 

We shall now consider the conditions of 
gap 1 as pictured in Figure 18C during a 
short interval immediately after the break- 
down of gap 2. 

We have a circuit (Figure 19) containing 
the short-circuit impedance, Z, where 
Z-r+jx, and the resistor, R, To that 
circuit is applied an electromotive force, e, 
which we can assume to be constant in the 
very short interval considered. For this 
circuit we have the differential equation 

„ di 

e=L ~ + { R +r)i 
at 

with the solution 


‘■“jfFr* 1 -*”’ 

where the time constant 

rr, L r 

T ~irr or r= —-— 

R+r (R+r)-2wf 

where x is the reactance at power frequency 

The voltage over gap 1, Figure 18C, 
therefore, is 

R 

e l =t-R = e—- (l- € t) 

K-\-r 

Differentiating with respect to time we 
get 

, R -i 

de 1 =e — -2irf‘e T.fo 
x 
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The maximum value of this voltage 
variation is for t = 0, and, since r is usually 
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Figure 15. Metal-clad switchgear installation 
using breaker shown in Figure 14 

small compared to x, e will be almost the 
crest value of the system voltage, and so we 
can write 

de i R 

max - £ mai - 2 irf 
dt x 

This voltage variation, therefore, is only 
R/x times as severe as that of the basic 
system voltage. Hence, if R is small enough, 
gap 1 will not break down, and the resistor 
remains connected into the circuit until the 
next time the current reaches zero value. 

Figure 20 shows what takes place when 
the resistor R is introduced into the circuit 
as previously described. Curve 1 shows 
the system electromotive force, curve 2 is 
the quasi-stationary short-circuit current 
and curve 3 indicates the quasi-stationary 
condition with the resistor R in the circuit. 
At the point 4 we introduce the resistor, 
and through a transient condition we shall 
accomplish the change from curve 2 to 
curve 3. The difference between curves 2 
and 3 at point 4 gives the amplitude of the 
transient current at that moment, and we 
have already found the time constant for 
the circuit to be 


It is obvious that even for a moderate 
value R, the transient current is negligible 
before the first current zero after the intro¬ 
duction of the resistor. We, therefore, can 
base our investigation on quasi-stationary 
considerations, and we see that the value 
of the system electromotive force at this 
second current-zero point is reduced to 
about x/R times the value at the first 
current-zero point, and we can express the 
voltage conditions on gap 2 (Figure 18D) as 

de 2 x deo 
dt R dt 

This is a considerable reduction of the 
stress. The resistor thus enables the breaker 
to interrupt successfully short-circuit cur¬ 
rents on systems where the rate of rise of 
the reappearing voltage is R/x times larger 
than the usual limit for a breaker not 
equipped with a resistor and resistor gap. 

We have seen, however, that we cannot 
increase R at will, lest the resistor gap fail 
to clear and thereby fail to introduce the 


Figure 17. Simple a.- 
break 
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Figure 18. Double b 
break with resistor 
shunted over one 
gap 
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Figure 19. Equ 
lent circuit for con 
ditions in Figure 18C 
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resistor into the circuit. It is evident, then, 
that the resistor is of little value in raising 
the current limit of the breaker, but that it 
is extremely valuable when the problem is 
to interrupt systems with very high natural 
frequencies, such as those found at generat¬ 
ing stations and large substations. 

The method by which the resistor is intro¬ 
duced into the circuit by the air-blast 
breaker described in the accompanying 
paper is superficially somewhat different 
from what we have considered so far. 

Figure 21 is a schematic diagram of the 
setup. Figure 21A shows the arc being 
drawn between the contacts A and C. The 
air stream blows the arc up against the con¬ 
tact B (Figure 2IB), and after the first 
current zero only that part of the arc which 
lies between electrodes B and C will re¬ 
ignite, following the already ionized path as 
previously described (Figure 21C). The 
gap between the electrodes A and C, how¬ 
ever, is physically small and is subject to a 
voltage rise of full severity, but since no arc 
existed directly between these two elec¬ 
trodes immediately prior to current zero, it 
is not very difficult to maintain at this place 
a dielectric of sufficient strength to with¬ 
stand the maximum stresses, and since this 


. . mm ntum* 
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The curve 5 indicates this transient cur¬ 
rent, and the heavy line curve gives a 
picture of the current actually flowing in 
the circuit during the switching period. 

Figure 16. Timing oscillogram showing con¬ 
tact operating sequence of the 2,000-ampere 
breaker on close-open operation 
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Figure 20. Current relations when resistor is 
introduced 

1. System electromotive force 

2. Short-circuit current/ uninterrupted 

3. Current according to circuit in Figure 19 

4. Moment when the resistor is introduced 

5. Transient current created by the introduc¬ 

tion of the resistor 

For clarity diagram is drawn under assumptions: 
r = 0, x = 1, R = 5; in actual performance R is in 
the order of 20-30 times minimum short-circuit 
reactance at rated voltage 


that the transient which brings us from one 
quasi-stationary condition to another is 
practically completed before final interrup¬ 
tion introduces a new transient. It may be 
justifiable, then, to speak of the power 
factor (meaning phase angle) of this inter¬ 
mediate hypothetical quasi-stationary cur¬ 
rent, although this current has never been 
allowed to develop. 

The axial air-blast interrupter described 
in the main paper is peculiarly well suited to 
the use of resistors, automatically inserted 
during the interrupting process, for the 
purpose of controlling the amplitude and 
rate of rise of the recovery voltage. 


Appendix C. Early Development 
of the Air-Blast Circuit Breaker 

ERWIN SALZER 
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dielectric strength is already built up to full 
value before the current reaches its zero 
point, the time relation de Q /dt is without any 
significance whatsoever. The setup, there¬ 
fore, is equivalent to that previously de¬ 
scribed with two separate breaks, and the 
advantages gained are the same. 

Because of the light weight of the con¬ 
tacts, their very short travel, and the light¬ 
ness of the air dielectric, the axial air-blast 
breaker is mechanically very quick in action, 
therefore, the conditions necessary for the 
successful insertion of the resistor into the 
circuit will be present at the first current 
zero. The residual current through the 
resistor is so small that fault interruption 
can be considered as accomplished as soon 
as the resistor is introduced, that is one-half 
eye e or less after contact separation. The 
on y reignition, therefore, is the one that 
initiates the residual current through the 

Ire ^ Th and be resistor is in series with the 
arc. Thus, this great danger of switching- 

muTin, USUally accompanies alf 

dSted CydC break6rS - is eiltire 'y 

It can be seen from Figure 20 that the 

ceases atTrnff 1 thr0Ugh the resistor 

ceases at a moment very close to the voltage 
zero passage. This is sometimes referred ?o 
by saying that the breaker corrects the 
grs fact <f. before final interruption 

b defined e on!v S ? tenn P ° Wer factor c *n 
tin , ° nl , y for Quasi-stationary condi¬ 
tions and has little or no meaning for tran 
sient phenomena. We have seen'h— 



Fi'Sure 21. Arcing 
sequence showing 
automatic insertion 
resistor during 
interruption in an 
axial air-blast breaker 
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In order better to evaluate the progress 
made to date in the design of air-blast circuit 
breakers, a brief historical survey of their 
origin and early development is of value. 

. rt has been the general belief that air-blast 
circuit breakers originated in Europe, but, 
in fact, a number of patents seeking to deal 
with the problem of arc extinction by the 
use of cross blasts of compressed air had 
been granted to American engineers prior 
to 1895, and there is evidence tending to 
show that such means actually were used at 
that time for extinction of arcs. 

Similarly, pneumatically actuated circuit 
breakers were developed and installed in the 
United States during the last decade of the 
past century. About that time Walter 
Rathenau, a German engineer, philosopher, 
and statesman (later to become German 
foreign minister), came to this country to 
study the progress made in electrical engi¬ 
neering. Upon his return, he reported upon 
the new pneumatically operated American 
circuit breakers. That report induced the 
designers of the circuit breakers for the new 
Oberspree power plant in Germany to 
change their original designs by adding 
pneumatic actuating means and a pneumatic 
blowout^ feature for the purpose of ex- 
tmguishmg the arc drawn upon separation 
of the contacts. These circuit breakers, in- 
stalied at Oberspree in 1897, seem to have 
been the first air-blast circuit breakers 
which were in actual service for an appre¬ 
ciable period of time. 

. Figure 22 is an illustration of the switch- 

0bers Pree power 
plant. The cirewt breakers, which were of 
e cross-blast type, were provided with a 
nozzle for producing a blast of compressed 

didnoTo the , C ° ntaC f tS - arrangement 

did not operate satisfactorily. The arc was 

e ongated to such an extent that it reached 
adjacent metal parts, thereby causing short 
circuits. For this reason the circuit breakers 
were removed, and the principle on which 
they were based was discarded. 

of nrcJrZ Iem ° f ar ° £xtbction by blasts 
prestored compressed gas was taken up 

ber of the Institute of Electrical Engineers 
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Figure 22. Early cross air-blast circuit breaker 
as installed at Oberspree, Germany, in 1897 


again in the United States by R. II. Read 
about 1900. Figure 23 shows one of the 
Read designs, disclosed in United Stales 
patent 716,475, issued December 23, 1902. 
Read went ways of his own, and his designs 
were fundamentally different from earlier 
structures. 

An important feature which appears, 
among others, in the designs of Read is that 
particular arrangement which has become 
known as the axial-blast type. This term 
has beeii coined to designate circuit breakers 
wherein arc extinction is effected by means 
of blasts of gas flowing in the direction of 
the common axis of two coaxially arranged 
co-operating contacts, one being annular 
and the other plug-shaped. The axial-blast 
type of circuit breaker also has been termed 
sometimes the European (radial or nozzle) 
type. This probably may be attributed to 
the fact that European engineers have 
shown particular appreciation for the merits 
inherent in that essentially American type 



Figure 23. Early axial air-blast circuit breaker 
patented by R. H. Read in 1902 
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Figure 24. Double-break axial-air-blast 
circuit-breaker arrangement developed by 
T. T. Greenwood in 1926 


of breaker. M. Puppikofer, Swiss designer 
of electric switchgear, acknowledging that 
the axial-blast type which has been adopted 
so widely in Europe was but a reintroduction 
of the old Read structure, wrote: "In 1901, 
Robert H. Read, in Schenectady, proposed 
a design of breaker which already embodied 
all the features of the present-day air-blast 
breaker." 

At approximately the same time that 
Read pioneered the development of air-blast 
circuit breakers, the first oil circuit breakers 
made their appearance and dominated the 
field of power circuit interruption for many 
years to follow. The absolute domination 
of oil circuit breakers greatly retarded fur¬ 
ther progress in air-blast circuit breakers. 
During the time the oil circuit breaker 
dominated the field of circuit interruption, 
the design and manufacture of air-blast 
circuit breakers was never entirely dis¬ 
continued. However, the efforts made in 
the development of air-blast circuit breakers 
were insignificant, as compared with the 
efforts made in the development of oil 
circuit breakers. Air-blast circuit breakers 
were considered to be peculiar and strange 
devices, applicable only where high ruptur¬ 
ing capacity was not required. 

In those early days, pneumatic actuation 
was one among other possible modes of 
circuit-breaker actuation, but not a neces¬ 
sity, as certain unique characteristics of 
pneumatic actuation were not needed. 
Later that mode of actuation was aban¬ 
doned, and weights, springs, and electro¬ 
magnetic devices, such as solenoids and 
electric motors, were substituted for pneu¬ 
matic means. Because of the close relation 
between actuation of circuit breakers by 



Figure 25. French cross air-blast circuit 
breaker patented by A. Clerc in 1937 


compressed gas and extinction of arcs by 
blasts of compressed gas, the abandonment 
of pneumatic actuation lessened the incen¬ 
tive to develop further gas-blast circuit 
breakers. 

Up to the beginning of the '20s, it was 
generally believed that gas-blast circuit 
breakers having a sufficiently high rupturing 
capacity for breaking power circuits could 
not be built, but by the middle of the '20s 
it was shown by different investigators, 
both in continental Europe and in England, 
that high power arcs could be extinguished 
within one-half cycle by powerful blasts of 
compressed gas. As an almost immediate 
result of this and related discoveries, a 
number of European organizations began 
to develop air-blast power circuit breakers. 
At about the same time, further develop¬ 
ment of the axial air-blast type of circuit 
breaker was started in the United States. 
Figure 24 shows a double-break design by 
T. T. Greenwood of Boston, developed in 
1926. 

The air-blast circuit breakers developed 
in Europe were of both the axial-blast and 
cross-blast types. The former was pre¬ 
ferred in Germany and Switzerland and 
the latter in France. Figure 25 shows a 
design by A. Clerc, a French designer of 
circuit-interrupting devices, which was made 
not later than 1933. The design comprises, 
in combination, certain typical features, 
such as a cross-blast arrangement, a fishtail 
arc chute made up of insulating barriers, 
and probe electrodes for connecting resistors 
automatically into the circuit for control of 
recovery voltage. 

During the last few years, the demand for 


oil elimination and high-speed interruption 
has caused reawakened interest in air-blast 
circuit breakers. As a result, both the 
axial-blast and cross-blast principles, origi¬ 
nally conceived in this country before or 
about the turn of the century, have been 
revived; and various improved devices of 
each type have been successfully developed 
to meet the high current-interrupting re¬ 
quirements of American systems. 
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Impulse and 60-Cycle Characteristics of 
Driven Grounds—III 
Effect of Lead in Ground Installation 


P. L. BELLASCHI 

FELLOW AIEE 

G ROUND installations comprise physi¬ 
cally the ground proper and, in 
addition, a lead which connects the 
grounded part (protective device, insula¬ 
tor, overhead ground wire, lightning rod, 
and so forth) to the ground. The lead 
(grounding wire or metal structure) is es¬ 
sentially an inductance, while the ground 
acts as a resistance in the manner dis¬ 
cussed previously . 1 These two elements 
determine in a large measure the total 
voltage across the ground installation and 
therefore its performance under lightning 
discharges. 

This paper considers the effect of the 
lead inductance in combination with the 
pound proper and sets forth the practical 
importance of the lead or tower-structure 
drop, particularly for the rapid current 
discharges associated with direct strokes. 
Calculations are made for typical in¬ 
stallations of down-leads and tower 
structures combined with the more com¬ 
mon grounds such as deep and shallow 
driven grounds, parallel grounds, and 
counterpoise grounds. The circuit ele¬ 
ments (inductance, resistance, and ca¬ 
pacitance) of both leads and grounds are 
determined, and their significance is dis¬ 
cussed. Comparative data are presented 
which show the impulse voltage developed 
m the ground installations for currents of 
given amplitudes and wave form repre¬ 
sentative of lightning. The other in¬ 
fluencing factors, terminal conditions in 
the earth and stroke, are surveyed. 

The voltages developed are discussed in 
terms of the impulse characteristics of in¬ 
sulation. In this manner, the problem is 
assessed in relation to the protection and 
co-ordination of line and station insula¬ 
tion, as well as to other applications of 
protection. 
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Ground Installations 
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Typical ground installations are pre¬ 
sented in Figure 1. The more common 
consist of a lead or metal structure 
grounded at the earth as illustrated in (a). 
In the protection of electric lines, build¬ 
ings, storage tanks, and so forth, the pro¬ 
tective system usually provides several 
paths to ground for the lightning dis¬ 
charge as shown in (b), (c), (f), and (g). 
The protection of station apparatus re¬ 
quires, in addition, consideration of the 
arrester characteristics and the equivalent 
circuit of the apparatus, 2 represented 
schematically in (d) and (e). 

In general, ground installations are es¬ 
sentially a combination of leads and 
grounds, and for analysis even the more 
complex installations can often be re¬ 
duced to simpler forms such as (a). For 
these reasons ground installation (a) is 
analyzed quite completely here. In the 
calculation ten representative arrange¬ 
ments of installation (a) have been se¬ 
lected and are tabulated in Figure 2. 
These consist of a lead or tower in com¬ 
bination with the common types of 
ground such as single driven rods, rods or 
similar grounds in parallel, and counter¬ 
poise grounds buried in the earth usually 
not more than two feet deep. 

A necessary step in the analysis is to 
consider the factors which determine the 
impulse characteristics of the lead and of 
the ground proper and their relative im¬ 
portance. The circuit elements involved 
axe shown m (a) and (c) of Figure 3, which 

tin r r e oo/ eSpeCtively shallow pounds 
(10-to 20-foot depth), and deep grounds. 

In the ground proper, a factor of pri¬ 
mary importance is the resistance to 
ear , re erred to as the ground resistance. 

A second factor of importance, particu¬ 
larly for extensive grounds such as deep- 
dnven and counterpoise grounds, is the 
inductance of the rod or conductor. A 
thu-d factor is the resistance of the ground 
ro or conductor. Calculations, includ¬ 
ing the skin effect on impulse, show that 
tins resistance practically is negligible. 

The capacitance of the rod or conductor 


to eartli theoretically is also a factor. 
For instance, the capacitance (C) of a 100- 
foot ground rod is in the order of 1,500 
micromicrofarads (dielectric constant of 
earth = 9). This capacitance is effec¬ 
tively in parallel with the ground resist¬ 
ance (R). For soil of low or medium re¬ 
sistivity, the time constant RC is in the 
order of 0.01 to 0.1 microsecond, indicat¬ 
ing that capacitance is a factor of secon¬ 
dary importance. For grounds buried 
in rocks, the resistivity of which is very 
high, this time constant may increase to 
one microsecond or more, in which case 
the effect of the capacitance becomes con¬ 
siderable and relatively beneficial. 

The inductance of the lead or tower is 
a factor of primary importance while the 
resistance of these can be disregarded. 
The capacitance to earth of a 100-foot 
tower is in the order of 1,000 micromicro¬ 
farads and much less for a grounding 
wire. Combining the capacitance and 
the inductance gives an effective time 
constant of 0.2 microsecond. For im¬ 
pulse currents rising to crest in one micro¬ 
second or longer the capacitance of either 
tower or lead is a secondary factor. 

From these considerations, it is appar¬ 
ent that the important factors arc the 
ground resistance, the lead or tower in¬ 
ductance, and the ground inductance. 
For the impulse conditions and ground 
installations considered in this paper 
these factors determine the impulse volt¬ 
ages^ The development of the simplified 
circuits is given in Figure 3. 

The ground resistance varies with the 
impulse current in the manner discussed 
in the preceding paper. 1 The inductance 
of single ground rods is calculated from 
the formula: 3 


L 0.002/ In 0.735 -microhenrys 
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where l is rod length and r is effective rod 
radius (both in centimeters). In deter¬ 
mining the inductance of parallel grounds, 
proper allowance is made for the mutual 
inductance between individual rods. As 
shown in the equivalent simplified cir¬ 
cuits (b) and (e) in Figure 3, two thirds 
of the rod inductance is combined with 
the lead inductance for shallow grounds, 
while for the deeper and more extensive 
grounds the calculations are based on uni¬ 
formly distributed ground resistance and 
inductance. Lead inductance is also cal¬ 
culated from the formula above. The in¬ 
ductance of tower structures is deter¬ 
mined by substituting for the tower four 
parallel cylindrical conductors arranged 
in a square approximating the dimensions 
of the tower. The tower inductances 
calculated in this manner agree reason- 
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Figure 1 (left). Typi¬ 
cal ground installa¬ 
tions 


Figure 2 (right). 
Combinations of lead 
and ground 
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ably well with the values reported else¬ 
where. 4 7 6 

Figure 4 presents the inductance of 
typical leads and towers plotted against 
height. In addition, the figure gives the 
effective inductance of leads and towers 
in combination with shallow grounds. 

Method of Analysis 

The method of analysis in this paper 
consists of determining the voltage de¬ 
veloped for a current applied to the 
ground installation. The wave form and 
amplitude of the currents considered con¬ 
form to present knowledge of lightning 
and to the practical experience available. 

Field investigations have established 
the amplitude and frequency of occur¬ 
rence of currents in lightning strokes, 
through tower structures, in lightning- 
arrester grounds, and in other circuit 
parts. 7-16 On transmission lines, tower 
currents have been recorded as high as 
160,000 amperes, and about a third ex¬ 


ceed 20,000 amperes. In distribution 
and station-type arresters, the maximum 
currents recorded do not exceed this 
value. As lightning-stroke discharges to 
electric circuits or protective systems 
usually reach earth through several paths 
or grounds, currents in single grounds 
seldom would exceed 50,000 amperes. 
Therefore, currents of 10,000, 20,000, and 
40,000 amperes are used as typical values 
in this analysis. 

The wave form of lightning currents is 
not so well established as the amplitude, 
but investigations in recent years have 
contributed considerably to present 
knowledge. 17-25 In general, the current 
rises to crest in a time from a fraction to 
several microseconds and recedes to half 
value in 40 to 50 microseconds. The high¬ 
est rate of rise of current in the stroke oc¬ 
curs on the front and seldom, if ever, ex¬ 
ceeds 50,000 amperes per microsecond. 
The average is about 10,000 amperes per 
microsecond. Because of the division of 
current, the rate of rise in single grounds 



Figure 3 (left). Circuit 
diagrams of (a) shallow 
and (c) deep grounds 
and their equivalent 
forms 


probably does not exceed 20,000 amperes 
per microsecond. A front rising to crest 
in one microsecond can be considered a 
steep front, and in two to four microsec¬ 
onds an average front. The fronts of the 
currents selected are accordingly 1, 2, 4, 
and 8 microseconds from start to crest, 
and the duration is 40 microseconds to 
half crest on the tail. 

The wave form of lightning currents 
varies. The exponential wave has been 
considered by some investigators as fairly 
representative, and this choice, perhaps, 
has been favored by the fact that this 
form can be expressed by a single mathe¬ 
matical expression. It should be noted/ 
however, that the exponential front rises 
abruptly from the very start, while some 
of the field records show a more gradual 
upturn at the beginning, developing into 
a rapid rise as the current builds up. In 
view of these considerations, waves of 
both sinusoidal and exponential fronts 
have been studied and applied (see Fig¬ 
ures 5 and 6). In Table I are tabulated 
the constants for these and several other 
waveforms. 

The sinusoidal front starts with a 
gradual upswing, which is followed by 
maximum rate of rise at half value, taper- 
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f 6 WIRE a 20-FT GRD ’ 
6 WIRE » 16-FT GRD 
6 WIRE a NO GRD 


Figure 4 (right). Induct¬ 
ance of vertical lead or 
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ing off as crest is reached. The sinusoidal 
front approaches the average rise more 
closely than the exponential, and in this 
connection it should be noted that the 
field data on current rate of rise are so 
measured or recorded that, essentially, 
these give the average or effective (10-90 
method) rise. Because of the fundamen¬ 
tal and practical merits, a sinusoidal 
front has been used throughout the analy¬ 
sis, and in several instances the exponen¬ 
tial is presented for purposes of compari¬ 
son. 

Shallow Grounds 

In localities where soil resistivity is low 
it is possible to secure low resistance from 
a shallow driven ground, 10 or at most 20 
feet deep. The first four installations in 
Figure 2 are representative shallow 
grounds. In installations 1 and 2, the 
pound proper is ground F in clay, studied 
in the preceding paper. * The high-re¬ 
sistance ground in installation 3 is ground 
M in sand, and the tower footing in in¬ 
stallation 4 is the parallel ground F-G-H-I 
in clay. In installations 1 and 3, the 
down-lead is a 25-foot conductor; in in¬ 
stallation 2, a 50-foot conductor; and in 
installation 4, a 50-foot tower. 

For shallow grounds the time constant 
of the ground proper is sufficiently short 
so that the ground inductance can be com 
bmed with the lead inductance as shown 

P ~| Figure (left). Volt- ,—_ 

age across lead and looo 
ground 

installation 1 

.5 ohms 1x40 - microsecond |- 

3e _ wave - 


in Figure 3b. The method of calculation 
used is a step-by-step method which con¬ 
sists of combining the inductance drop 
with the resistance drop to obtain the 
total voltage developed. The ground re¬ 
sistance varies with current as explained 
in the preceding paper. Typical calcula¬ 
tions are presented in Table II for in¬ 
stallations 1 and 3, and correspoiuling 
curves are plotted in Figures 7 and 12. 
Figures 7, 8, 9, and 10 present a series of 
curves of the voltages developed in in¬ 
stallation 1 for a 10,000-ampere discharge 
corresponding to wave forms of 1x40, 
2x40, 4x40, and 8x40 microseconds. 
The voltages resulting from both the ex- 
ponential and the sinusoidal-front cur¬ 
rents are plotted for comparison. In the 
two more rapid discharges the inductance 
drop is quite pronounced. For the 
slower fronts this effect is not so notice¬ 
able. 

In the curves which follow we shall 
consider the more severe waves: the 
1x40- and 2x40-microsecond waves. Fig- 
tires 11 and 12 show the voltage devel¬ 
oped by a lx40-microsecond, 10,000-am¬ 
pere discharge on installations 2 and 3. 
The long lead in installation 2 results in a 
higher inductance voltage on the front 
than in installation 1 (compare Figures 11 
and 7). The voltage developed in in¬ 
stallation 3 has the same inductance drop 
as installation 1, but, because of the higher 
resistance of the ground, the voltage 
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Figure 9 (left). Volt¬ 
age across lead and 
ground 

Installation 1 
4x40 - microsecond 
wave 


Figure 10 (right). 
Voltage across lead 
and ground 
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wave 
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Figure 11 (left). 
Voltage across lead 
and ground 

Installation 2 
1x40 - microsecond 
wave 


Figure 12 (right). 
Voltage across lead 
and ground 

Installation 3 
1x40 - microsecond 
wave 
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Figure 13 (left). 
Voltage across tower 
and ground 

Installation 4 
2x40 - microsecond 
wave 


Figure 14 (right). 
Current distribution 
on 100-foot ground 
rod 

Unit current applied 



throughout the entire discharge is much 
higher. That is, the ir values in Table II 
for ground M are nearly three times as 
great as those for ground F. The voltage 
developed in installation 4 by a 40,000-am¬ 
pere, 2x40-microsecond current is given 
in Figure 13. For the sinusoidal front 
this discharge gives an effective rate of 
rise of 26,000 amperes per microsecond 
which is considered quite severe. These 
typical examples demonstrate that for 
high-current steep-front discharges the 
lead effect is a factor of considerable im¬ 
portance. 

Deep or Extensive Ground 
Installations 


distribution for a 100-foot rod driven in 
soil of medium resistivity. The curves 
are calculated for unit current, based on 
the simplified circuit of uniformly dis¬ 
tributed inductance and leakage resist¬ 
ance. It is apparent that the current 
does not approach substantially uniform 
distribution for about two microseconds. 

The simplification of the equivalent 
circuit in Figure 3e for deep grounds and 
counterpoise grounds of the lengths con¬ 
sidered here is justified for grounds in me¬ 
dium resistivity soils (p= 10,000 ohm- 
centimeters) and for current wave fronts 


one microsecond and greater. Figures 
15a and 16a show that the effective im¬ 
pedance with and without capacitance 
essentially are the same, and capacitance 
can be omitted. Figures 15b and 16b 
show that capacitance is an important 
factor for grounds in high resistivity soil 
(p= 100,000 ohm-centimeters). While 
these curves are based for convenience 
on infinite length of ground, they indicate 
with adequate approximation the extent 
to which capacitance is a factor. A for¬ 
mal solution and calculations of the finite 
circuit in Figure 3d are beset with difh- 


Where soil resistivity is high, it is often 
necessary to drive grounds deep into the 
earth, or to lay counterpoise grounds of 
considerable length in order to secure low 
resistance. Installations 5, 6, 8, and 9 
of Figure 2 represent extensive grounds. 
Installations 7 and 10 are intermediate 
between the shallow and the extensive 
grounds. 

For shallow grounds the lumping of the 
ground circuit is justified. With deep 
grounds or counterpoise grounds the dis¬ 
tributed ground should be taken into ac¬ 
count (Figure 3c). However, for practi¬ 
cal purposes simplifications can be ef¬ 
fected as shown in Figures 3d and 3e. 
In Figure 14 are plotted curves of current 


Tabic I. Tabulation of Constants for Impulse-Wave Equations 


Wave 

Microseconds 

Exponential Form Wave 

i -imax A e - ^'] 

^ = iraax [bg j 

Constants for Exponential Form Wave 

Sinusoidal Front 

i __Imax {1 _ C0S 

di imax <o sin tot 
dt 2 

Sinusoidal Front 

A 

Of 

0 

1) 

(A/3) 

a 

(Aa) 

\dt / max 

to 

(-1 
\dt / max 

V2x40.. . . 

.1.010. 

.0.01759. . 

.13.28 .. 

13.40 . 

. .0.01777.. 

13,38/max . . 

. ..6.283 . 


1 x40_ 

.1.021. 

.0.01788. . 

. 5.80 . . 

5.92 . 

. .0.01817.. 

5.90/max . . 

...3.142 . 


1V2X40. . . . 

.1.032. 

.0.01812. . 

. 3.54 . . 

3.654. 

. .0.01871. . 

3.635/max. 

..2.094 . 


2 x40..., 

.1.045. 

.0.01842. . 

2.47 .. 

2.581. 

. .0.01927. . 

2.562/max. 

..1.571 . 

. 0.7855/max 

4 x40 

.1.104. 

.0.0198 . . 

. 1.001 . . 

1.105. 

. .0.02185. . 

1.083/max. 

. .0.7855. 

. 0.3928/max 

8 x40.... 

.1.296. 

.0.0238 . . 

0.3655. . 

0.473. 

. .0.03083. . 

0.442/max. 

. .0.3928. 

. 0.1964/max 

V2X20. . . . 

.1.021. 

.0.03576. . 

.11.60 .. 

11.84 . 

. .0.03634. . 

11.80/max . . 

...6.283 . 

. 3.142/max 

1 x20,... 

.1.045. 

.0.03684. . 

. 4.94 . . 

5.162. 

. .0.03854.. 

5.123/max. 

..3.142 . 


l Axl0. . . . 

.1.045. 

.0.0737 . . 

. 9.88 . . 

10.32 . 

..0.0771 .. 

10.24/max • . 

. ..6.283 . 

. 3.142/max 

1 xlO.. . . 

.1.104. . 

.0.0792 . . 

. 4.004 . . , 

4.42 . 

. .0.0874 . . 

4.33/max. . 

. ..3.142 . 

. . 1.571/max 

Vsx 5. . . . 

.1.104. . 

.0.1584 .. 

, 8.01 . .. 

8.84 . 

..0.1748 .. 

8.67/max. . 

. ..6.283 . . 

.3.142/max 

1 x 5 .... 

.1.296. . 

.0.1904 . . 

. 2.924 ... 

3.784. 

. .0.2466 . . 

3.537/max. . 

. . .3.142 . 

. . 1.571/max 
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(CIRCUIT CONSTANTS ARE ' 
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Figure 15. Surge impedance of extensive 
grounds 

Unit current applied 

culties, particularly for counterpoise 
grounds, because of the penetration of 
the current below the earth’s surface, 
which brings about a variation of the in¬ 
ductance and also of the capacitance to a 
lesser extent. Where capacitance is 
to be taken into account, a simplified 
method which has practical merits and 
is adequate for engineering purposes con¬ 
sists of determining the effective imped¬ 
ance of the ground, 2S - 29 as illustrated in 
Figure 15c. 

The variation of leakage resistance with 
heavy currents is another factor which 
presents difficulties, and the complete 
theoretical analysis becomes too involved. 

A practical simplification consists of con¬ 
sidering the distribution of the current in 
the ground, as illustrated in Figure 14 
and assigning a resistance value account¬ 
ing for the lowering of the resistance dur- 



.4 MICROSECONDS 6 

Figure 16 . Voltage developed on extensive 
grounds for uniformly rising current (one am- 
pere per microsecond) 

mg the penetration of the current. Upon 
complete penetration of the current in the 
ground the total leakage resistance be¬ 
comes effective, its value depending on 
the current as previously discussed. 1 To 
illustrate the effect produced by the varia¬ 
tion of the ground resistance, curves B 
and C in Figure 17 have been plotted 
The curves are compared for a one-am¬ 
pere current rising to crest in one micro¬ 
second. Curve B is the voltage across the 
100-foot five-ohm ground developed by a 
medium or low-current surge. A current 
attaining the unusual value of 100,000 am¬ 
peres would lower the resistance to 40 per 
cent of the value in curve B and would 
result in curve C, which again is the volt¬ 
age per-unit current. It is apparent that 
the lowering of the resistance of grounds 
with current is beneficial on the front, 
but not to the same extent as it is on the 
crest and tail of the current where the in- 

Jablell. Typical Calculations 

For Curves of Figure 7 



3 4 

MICROSECONDS 

Figure 17. Illustration of method for deter¬ 
mining effect of resistance and inductance on 
front of wave 

ductance effect is not present. For a 
moderate or average current discharge, 
the voltage developed evidently will lie 
between the two curves, close to curve B. 
In comparing deep grounds and counter¬ 
poise grounds on the front of wave, the 
60-cycle resistance is used, for it gives 
adequately close results and is conserva¬ 
tive- The purpose of curve A is to dem¬ 
onstrate that a deep ground driven in 
homogeneous soil cannot be represented 
arbitrarily by a simple inductance (such 
as one-half the total inductance), in 
series with the leakage resistance. It also 
shows that for this particular ground 
about a fourth of the total inductance is 
effective for a one-microsecond front. 
Curves B and D illustrate that the induct¬ 
ance contributes largely to the voltage 
developed across a deep ground when the 
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Figure 18 (left). 
Voltage character¬ 
istics of various 
grounds 

1x40 - microsecond 
current wave 


Figure 19 (right). 
Voltage character¬ 
istics of various 
grounds 

2x40 - microsecond 
current wave 



steep front of a current wave is being 
discharged. 

In Figures 18 and 19 are compared the 
voltage characteristics of the ground 
proper for five grounds in uniform soil of 
medium resistivity (p = 10,000 ohm-cen¬ 
timeters). The calculations are based on 
distributed constants. A sixth ground 
represents a 100-foot rod driven in a very 
high-resistivity soil until it reaches a con¬ 
ducting layer 100 feet below the surface. 
The curve for a five-ohm pure resistance 
is plotted for reference. The parallel 
ground (four 25-foot rods), the 200-foot 
counterpoise at the surface (connection 
at center), the 100-foot rod in uniform 
soil, and the 100-foot rod reaching a low- 
resistivity layer 100 feet in the earth, all 
have five-ohm resistance and can be com¬ 
pared directly for their relative inductive 
effect oil the front. The parallel ground 
(four 25-foot rods) gives the lowest volt¬ 
age, for it has the. lowest inductance. 


The 100-foot rod tapping low resistance 
deep down would naturally be the worst, 
as it entails the greatest inductance. The 
100-foot rod and the 200-foot counter¬ 
poise (connection at center) in uniform 
soil are intermediate. The advantage of 
driving a 25-foot single rod deeper into 
the ground is apparent. Insofar as 
limiting the voltages on the front for cur¬ 
rents rising to crest in less than two micro¬ 
seconds, there is little additional gain in 
driving a ground more than 100 feet or in 
extending a counterpoise much beyond 
this amount. However, a greater length 
in either case is effective for slower fronts 
and for reducing the voltage beyond the 
first few microseconds. 

The difference between the character¬ 
istics of the six grounds is not so large 
when the grounds are combined in the 
complete installation with a lead or a 
tower. The curves of Figure 20 give the 


voltage for a 2x40-microsecond 40,000- 
ampere discharge to the tower and ground 
installations 5, 6, and 7 (Figure 2) and for 
installation 5 with the resistance concen¬ 
trated at the lower end of a 100-foot rod. 
Figure 21 presents curves for similar 
lead and ground installations. While 
the installation with lumped resistance at 
the end of the 100-foot ground gives a 
high voltage, the difference between the 
other three is relatively small. 

It is not the purpose here to attempt to 
draw up specific recommendations as to 
which type or arrangement of ground to 
recommend. The factors that determine 
the type of installation in practice are 
many. To cite a few: these involve the 
degree of protection, the nature of the ter¬ 
rain, the question of right of way, the 
cost of the installation, and other consid¬ 
erations, each of which requires evaluat¬ 
ing on its respective merits. The primary 



Figure 20 (left). 
Voltages across 
tower and ground 
for installations 5, 
6, and 7 

2x40 - microsecond 
current wave 


Figure 21 (right). 
Voltages across lead 
and ground for instal¬ 
lations 8, 9, and 10 

2x40 - microsecond 
current wave 
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Figure 22. Division of lightning current in 
multiple paths 


same height and side dimensions, but con¬ 
siderably longer. To maintain the same 
degree of protection, the number of down¬ 
leads and grounds as well as air terminals, 
would have to be increased accordingly. 

Protective systems of an extensive char¬ 
acter often comprise several paths each 
of increasingly greater time constant, that 
is, Li/Ri^L 2 /R 2 < ^L 3 /R S) and so forth. 
As the duration of the high current of the 
stroke is limited, the effective parallel 
paths usually can be reduced to two or 
three. Let the operational admittance 
of each be denoted as Y(p) and the cur¬ 
rent of the stroke i{t). The voltage de¬ 
veloped is 
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Figure 23. Voltage developed by stroke to 
mid-span 


purpose of this paper is rather to develop 
an understanding of the problem of 
grounds from a fundamental standpoint. 
Figures 20 and 21 show that the voltages 
developed from steep-front high currents 
in extensive grounds are substantially 
greater than where conditions permit 
shallow grounds. Therefore, in laying 
out grounds for protection against light¬ 
ning, the inductance of the installation 
and its relation to the effective resistance 
are factors of importance. 

Multiple Paths to Earth 

For practical calculations most installa¬ 
tions with two or more paths to earth can 
be reduced to one of a few simplified 
forms. For instance, in installation (f) of 
Figure 1, the current of the stroke at the 
middle air terminal will divide equally 
between the four down-leads, provided 
the grounds are alike. The same holds 
for a stroke to the center part of installa¬ 
tion (g). In these cases of symmetry and 
also in many others, where departure 
from symmetry is not too great, simplifi¬ 
cation to an equivalent simple L-R cir¬ 
cuit is permissible. In determining the 
equivalent inductance and resistance, 
the mutual effects should be examined but 
often these can be disregarded. 

A protective system to be effective 
must shield the protected object (electric • 
line, building, storage tank, and so forth), 
and limit the voltage from the protective 
system to the object. These are well- ^ 
known principles in protection. To this 
end low-resistance grounds and a low 
effective inductance of the protective sys¬ 
tem are essential. To illustrate: in in¬ 
stallation (f), should the grounds at one 
end be unduly high, the impedance to 
earth would be nearly twice the original 
amount and the voltage practically 
doubled. Again, consider the arrange¬ 
ment in (f) applied to a building of the 


The complete solution of this expression 
is more elaborate than difficult. Usually, 
it can be simplified by the fact that the 
nearest path to ground (Li/Ri) deter¬ 
mines largely the voltage across the in¬ 
stallation for the first few microseconds, 
and thereafter this part of the circuit in 
effect is simply the resistance Ri. 

A typical example is installation (b) of 
Figure 1, considered in the numerical 
example of Figure 22. A stroke occurs at 
tower 1 which has an inductance of 10 
microhenrys and a ten-ohm footing re¬ 
sistance. The other two paths to ground 
each are over an 800-foot span of wire 
(400 microhenrys) to adjacent towers 2 
and 3, having footing resistances of 10 
and 40 ohms. The current in tower 1 is 
ii ) and the currents and i 3 in the adja¬ 
cent towers build up as determined by 
their respective time constants, L 2 /R 2 and 
•£ 3 / R$. 

The division of currents shows that the 
inductance and resistance of tower 1 
practically establish the voltage devel¬ 
oped for the first two or three micro¬ 
seconds in the same manner as in Figure 
13. The drain on the stroke current from 
the adjacent towers becomes pronounced 
in a few microseconds and reduces the 
duration of the current in tower 1. For 
slower fronts the beneficial effect of the 
adjacent towers is increased. Another 
important observation in Figure 22 is 
that the crest currents in the three towers 
cannot be added directly to determine 
the crest current of the stroke, as has 
been the practice in analyzing magnetic- 
link measurements of currents. From 
the crest measurements at the tower hit 
and at the adjacent towers, however, it is 
possible to estimate the duration of the 
stroke current. 30 

From the method of lumped induct¬ 
ance, we find from Figure 23 that strokes 
at mid-span of 40 kiloamperes per micro¬ 
second average rate-of-rise, develop a 


crest voltage close to (40)(7r/2)(100) = 
6,300 lev. 

In the examples of Figures 22 and 23 
and in similar problems a short segment 
of line is represented by its lumped induct¬ 
ance. The justification of this simplifi¬ 
cation is illustrated in Figure 24, where 
currents in the 800-foot line segment ter¬ 
minating in ten ohms are compared on 
the basis of both the lumped-inductance 
method and the traveling-wave theory. 
In the presence of very high voltage co¬ 
rona becomes a factor which reduces both 
the surge impedance and the velocity of 
propagation and increases the attenua¬ 
tion. The surge impedance and the ve¬ 
locity of propagation are reduced propor¬ 
tionally, giving practically the same re¬ 
sults as in Figure 24. In these problems 
attenuation is not a primary factor, as 
the energy supply is considerably greater 
than the drain effected from this cause. 
It should not be construed from the above 
example, however, that the same simpli¬ 
fication applies invariably to other prob¬ 
lems which fundamentally require the 
application of traveling wave methods. 

Terminal Conditions in Stroke 
and Earth 

As pointed out in the preceding paper, 1 
the distribution of the electric charge in 
the earth is a factor that requires study. 
A comprehensive survey of this factor 
would, in itself, comprise a paper, and we 
shall of necessity limit this presentation to 
an outline of the physical processes in¬ 
volved and to their bearing on the ground 
problem. 

Consider the mechanism of lightning 
stroke. 31 ’ 17 The stepped leader initiates 
the stroke, progressing from the base of 
the cloud to earth and, in this manner, 
lowering a charge to earth. When the 
leader contacts earth, the high current of 
the discharge (main stroke) blazes its way 
up the channel. For the purpose of this 
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analysis the charge in the leader pro¬ 
gresses uniformly to earth as shown 
schematically in Figure 25. The distri¬ 
bution curves of the induced-charge 
density in the earth for various positions 
of the leader are plotted in the figure. 
Representative values of total charge, 
cloud height, and leader velocity are as¬ 
signed, and the surface at the earth is as¬ 
sumed to be flat and the soil of high or 
medium conductivity. 

In Figure 26 are plotted curves of the 
charge per foot of radial distance from the 
center point “O” on the earth. A second 
family of curves gives the corresponding 
current flow in the earth. As the leader 
progresses, the charge moves up closer 
and closer to point “0" on the earth. As 
it approaches the earth, its velocity is in¬ 
creased, apparently gapping the last 
hundred feet in a few microseconds. It 
will be noted that the crest current ap¬ 
proaches more and more the average cur¬ 
rent of the leader. Of even greater signifi¬ 
cance is the distribution of the charge as 
the leader reaches ground. When the 
leader contacts earth, the rush of the 
charge from earth into the leader channel 
determines the high-current component 
of the discharge. At this point, it is well 
to examine the significance of charge dis¬ 
tribution in the earth. From the curves 
in Figure 26 as the leader contacts earth, 
consider that the charge is converted 
into the high-current discharge. Funda¬ 
mental considerations show that free cur¬ 
rent flow in the earth attains a velocity 
in the order of one-third the velocity of 
light. On this basis curves for ^=100 
and 200 feet in Figure 26 are plotted in 
Figure 27 as current waves. In these 
curves we recognize current waves of form 
and magnitude of lightning discharges. 

Actually, the conversion of the equal 


and opposite charges on leader and earth 
into the current discharge is a more com¬ 
plex process than we have indicated, for 
the two charges are not symmetrically 
distributed with respect to the ground 
(point “O”), nor are their mediums nor 
mode of propagation physically matched. 
For instance, in the example the two op¬ 
posite charges in the first 1,000 feet up the 
leader and on the earth are respectively 
1 and 0.7 coulombs. However, the 
charge on the leader 2,500 feet up has its 
counterpart on the earth 5,000 feet from 
the ground point “O,” and the ratio of 
the two per-unit length is 1 to 0.3. The 
dissymmetry increases with the distance. 
Thus, attenuation considered, the current 
wave progresses up the channel with a de¬ 
creasing velocity. This deduction on the 
current propagation in the stroke is con¬ 
firmed by the experimental evidence 31 - 23 
which shows that the main stroke moves 
up the leader channel initially at about 
one-third the velocity of light, but, as 
the wave progresses higher up the chan¬ 
nel, the velocity tapers off, and it may 
dwindle to one-tenth the velocity of light 
or less before reaching the base of the 
cloud. 

Other influencing factors are present. 
The state of ionization as well as the pres¬ 
ence of branches associated with the 
leader no doubt have some effect on the 
current discharge. The charge lowered 
by the leader varies with the intensity of 
the stroke and governs the current. In 
multiple strokes the leader of the second 
and subsequent discharges progresses 
more rapidly than in the first discharge. 
However, the charge distributions are of 
the form given in Figure 26, except pos¬ 
sibly for very high-resistivity soils. The 
topography, geology, and resistivity of 


the earth are also factors. Obviously, a 
complete survey of the variations of the 
current and wave form in lightning dis¬ 
charges requires consideration of all these 
factors. Figures 26 and 27 set forth the 
fundamental process and relationship as 
the charge in the earth is converted into 
the lightning-stroke discharge. 

Next consider the terminal conditions 
in the earth in relation to the ground 
problem. As curves of Figures 26 and 27 
show, the charge in the first few hundred 
feet determines the front of the current 
discharge. The ground should be of a 
type and arrangement to minimize the 
combined inductance and resistance drops 
in this initial stage. After the current 
has reached crest, the charge flows in 
from greater distances, and the ground 
then performs essentially as a resistance. 
In a low- or medium-resistivity soil the 
common driven ground provides low im¬ 
pedance during the entire current dis¬ 
charge. A counterpoise ground fanning 
out in multiple paths also is effective, al¬ 
though it does not appear to be the eco¬ 
nomical type for low-resistivity soils. In 
soils of high resistivity, a counterpoise 
ground is more effective for it “picks up” 
the charge on the surface. To limit ef¬ 
fectively the voltage developed on the 
front, the counterpoise need not extend 
more than a few hundred feet, but, where 
low resistance throughout the entire dis¬ 
charge is required, the advantages of a 
continuous counterpoise are apparent. 
The effectiveness of one type of ground 
in preference to another depends also on 
the structure of the earth’s surface, ge- 
ology, and so forth. For instance, one 
type of structure consists of a layer of 
some 20 to 50 feet of sand, gravel, or 
other high-resistivity soil, followed under- 
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given good results. Here the surface 
charge flows into the low-resistivity 
strata and then to the driven ground; 
thus for this condition, the deep ground 
provides a low-impedance path. Should 
the low-resistivity strata lie too deep, the 
condition approaches in effect a high-re- 
sistivitv soil for which a counterpoise 
ground has advantages. These examples 
illustrate the many aspects of the ground 
problem and the importance of the struc¬ 
ture and resistivity characteristics of the 
earth’s surface. 

The charge distribution on the earth in 
the curves of Figure 2G is for a flat sur¬ 
face. A ground installation in the field 
of the leader assumes part of the charge. 
For instance, an overhead ground wire 50 
feet high will have an induced charge as 
s uron in the bottom curve of Figure 26 
and the charge on the surface of the earth 
is reduced by this amount. In like man¬ 
ner, the presence of the down-lead or 
tower reduces the charge on the earth 
near the installation. It should be noted 
also that, as the leader approaches earth, 
a streamer formation from the installa- 
ion results in a current flow which will 
ram part of the charge from the installa¬ 
tion and, m turn, from the earth nearby 
These lactors cause the current which 
flows into the ground installation to rise 
more slowly on the front than is indicated 
in F,gure 2,. and, in effect, the induct¬ 
ance drop is somewhat reduced 
A number of field observations become 

earth r mal condi *ons in the 

ear h. For instance, long-duration cur- 


the bulk of the charge must flow during 
the discharge, is in the order of 200 ohms. 
If it were possible for the charge to flow 
in as short a time [T~ 50 microseconds) 
as in low-resistivity earth, the voltage de¬ 
veloped in the earth would be in the order 
of 20,000,000 volts (QR/T- 5x200/50). 
Estimates of the potential of the lightning 
stroke vary, but figures assigned in recent 
years average well below 100,000,000 
volts. All this means that the flow of the 
charge in high-resistivity earth is of ne¬ 
cessity prolonged into a long-duration 
discharge. 

Terminal conditions in the stroke 
proper also affect the voltage developed 
in the ground installation. That is, the 
heavy current flow up the leader channel 
has a mutual inductive effect on the down¬ 
lead or structure. The voltage induced 
in the installation is the product of the 
mutual inductance and the rate of change 
of current in the channel. This voltage 
is not more than about 20 per cent of the 
total inductive drop in the lead proper. 
For practical purposes the inductance of 
the lead may be increased by this amount, 
as the examples of Figure 28 indicate 
Judged in the light of the terminal con¬ 
ditions and their effect, the simple method 
of analysis for determining the voltage 
across the ground installation, in which a 
current is applied to an equivalent circuit 
is reasonably correct and practically sat¬ 
isfactory. The justification of a gradual 
nseo crest as represented by a sinusoidal 
front is also borne out. However, the 
terminal conditions in the earth are of 
such character and can vary to such an 

tiLftb r difFerent re £ ions and locali¬ 
ties that a survey of these conditions in 

6 “ 0re lm Portant installations of 
grounds should supplement the simple 


and detailed study of terminal conditions 
is both desirable and necessary. 

The Insulation Problem 


1 (V, fmn i— smmte rock (p= .-, tne simple 

MW,OQfl ohm-centimeters). The effec + ? anaIysis ' 11 is clea r, too, that 
resistance in the earth, through which “* « f 

quan ative basis more fundamental 
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The insulation problem consists in pro¬ 
portioning the insulation of the installa¬ 
tion to withstand the voltages appearing 
across the various parts. The amount of 
insulation may be governed by economics, 
as for transformer and similar substation 
apparatus, in which case protective de¬ 
vices are applied and co-ordinated with 
the insulation to limit the voltages to 
permissible values. 

Present impulse data for air, oil, wood, 
and so forth, and for the apparatus 
proper, are based largely on the volt-time 
curves from the 1 ^xTO-microsecond 
wave, extending from full wave to break¬ 
down on the front in a fraction of a mi¬ 
crosecond. 7 ^-™ Curve a and curves b 
and c in Figure 29 illustrate the volt-time 
characteristics for two of the more com¬ 
mon types of insulation: oil-insulated 
apparatus (transformers, and so forth), 
and air (rod gaps, bushings, and so forth)! 
These and the corresponding data for 
other types of insulation permit deter¬ 
mining to a fairly satisfactory degree the 
insulation requirements in most practical 
applications. 

The volt-time method for determining 
and applying insulation data has well- 
known practical and theoretical advan- 
tages. It has however certain limitations 
which have been partly recognized. In 
ground-installation problems and other 
protection problems, a general form of the 
wave encountered is shown in curve d of 
Figure 29. This is more complex than 
either the iy 2 x40 wave or the chopped 
impulses which the volt-time characteris¬ 
tic of insulation for the iy 2 x40 wave rep¬ 
resent Because of a lack of data on this 
wave form, some tests on the strength of 
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Figure 28. Mutual inductive 
effect of stroke on lead 


STROKE LENGTH-FEET 

air were obtained and are reported in 
curve b of Figure 30. The following illus¬ 
trates the usefulness of such data in as¬ 
sessing the insulation requirements in 
problems of ground installations and pro¬ 
tection. 

Where the ground-resistance drop or 
the arrester voltage alone is prevalent, 
the air-insulation requirements are esti¬ 
mated satisfactorily from curves d and e. 
All considered, a minimum air clearance 
of about one foot per 150 kv will suffice. 
Should the clearance be from a down¬ 
lead to a separate object connecting to the 
same ground, 300 kv per foot is permis¬ 
sible as indicated in curve a. For in¬ 
stance, the voltage across a 50-foot lead 
discharging a current rising at the unusual 
rate of 40,000 amperes per microsecond 
would not exceed 1,250 kv, and a four- or 
even a three-foot clearance to a separate 
lead connecting to the same driven ground 
would be suitable. Consider now the case 
in which the combination of the two com¬ 
ponents is effective. In curve b the wave 
of the tests made is based on a ratio of the 
two voltages, Fi/F 2 =2, having durations 
of 1.3 and 15 microseconds. The air 
clearance required to withstand this type 
of wave is 30 per cent greater than for 
either the full wave or the short impulse 
component alone. 

From the examples of the paper (see 
Figures 7 to 13, 20, and 21), the lead drop 
or short impulse component bears a ratio 
to the resistance drop or long component 



which varies over wide limits (7i/7 2 — 
1.5 to 15). Obviously, more impulse 
data on the strength of insulation for this 
type of wave are desirable, but, pending 
the future availability of such data, the 
curves in Figure 30 and other available 
data should serve reasonably well in de¬ 
termining the insulation requirements in 
problems of ground installations and in 
similar problems. 

Insulation designed entirely for the re¬ 
sistance drop of the ground may not be 
adequate under the more severe condi¬ 
tions of rapid high-current discharges. 
There has been field evidence to this ef¬ 
fect. 10 The example in Figure 29 clearly 
shows that, while the air insulation would 
be satisfactory for either a full wave or a 
short impulse, the combination of the 
two in the wave form d will flash over the 
air insulation. The combined effect of 
this type of impulse is particularly notice¬ 
able on air insulation. The effect of this 
impulse on oil-immersed insulation is 
probably much less than on air insulation. 

Summary 

In laying out grounds for protection 
against lightning, the inductance of the 
installation and its relation to the effec¬ 
tive resistance of the ground are factors of 
importance. The lead and ground induct¬ 


ance becomes particularly significant for 
rapid current discharges associated with 
direct strokes when the inductance drop 
may exceed the resistance drop. Ex¬ 
amples show that the voltages developed 
from steep-front high currents in exten¬ 
sive grounds are considerably greater 
than where conditions permit shallow 
grounds. 

The simple method of analysis for de¬ 
termining the voltage across the ground 
installation, in which a current is applied 
to an equivalent circuit, is reasonably 
correct and practically satisfactory. 
Ground installations comprising multiple 
paths to earth are also amenable to sim¬ 
plified calculations. A survey of the 
terminal conditions in the earth should 
supplement the simple method of analy¬ 
sis in the more important installations of 
grounds. 

In assessing the insulation require¬ 
ments, these should be considered in re¬ 
lation to the impulse voltages developed, 
which for ground installations are more 
complex than the ordinary standard 
waves. 

Appendix I. Method of Solution 
for Extensive Grounds 

While the calculation for shallow grounds 
is effected simply from the addition of in¬ 
ductance and resistance voltages, the calcu¬ 
lations for deep grounds are more involved 
and require explanation. 

The equation for the curves of current 
distribution (Figure 14) is obtained from 
the transmission formula 40 which, expressed 
operationally, is 

*(*) = 
sinh 


V(R+Lp)(G+Cp)(jj 


sinh [\/ (R -\~Rp) (G -f* Cp ) ] 


*' 1 (D 


where 


x - distance from lower end of rod in feet 
i(x ) = current at % in amperes 
i —input current in amperes 


MICROSECONDS 


Figure 29 (left). 
Typical volt-time 
curves for oil and 
air insulation 

Figure 30 (right). 
Impulse strength of 
air for various wave 
forms 

* Positive wave 
values are near nega¬ 
tive wave values 

** Curve for posi¬ 
tive wave is about 
five per cent lower 
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R — total rod resistance in ohms 
L - total rod inductance in henrys 
G — total ground lcakance in mhos 
total capacitance in farads 
l = rod length in feet 
p — Heaviside’s operator d/dt 

Since R and C are considered negligible, the 
operational expression becomes 


Solving the Heaviside expansion theorem, 
the voltage is 

A a JlB 

‘-d- A yT x _ 

cosf B/+0.783 - tan"/ sln V ^GLB \ 

L _\sinh V2GLB/_ 


LULCU Ciiaige ...- ... I*r> V 

tiated with respect to time, that is, 


sinh 


sfjc t = - 


sinh V 7 GLp 


-y/sinh 2 V2GLB± sin 2 V2GLB 
cosh V 7 2 GLB+ cos V 7 2GLB 


( 2 ) 


h'rum the Heaviside expansion theorem the 
current at any point on the rod is 



tf.v, l) =/l 


CO 
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(3) 

The operational expression for the im¬ 
pulse voltage on the ground proper is 




j - tanh \/GLp 


(4) 


\lp 


and the solution for unit current becomes 

TiV “I 

1+2Ve I (5 ) 
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tC= G\ 


CO 

»E 

n = 1 


The response to currents of other forms 
than unit function can be derived by super- 
positicn or operationally. The two forms 
of lightning currents considered in this 
paper are the exponential and the sinusoidal 
front, m each case with exponential tail. 
The exponential wave form is expressed by 
the equation 


*{f) */[€-"-€-*] 


( 6 ) 


This expression in operational form and 
combined with equation 4 gives 

*=I(0-a)X 


1 


(j>+a)(p+fi)^JL ^h Vdpj 

From the Heaviside expansion theorem, the 
solution for the voltage is 


1 (7) 


where I 0 (Gt/2C) is the modified Bessel func¬ 
tion of the first kind and zero order. The 
voltage for a current rising uniformly, as 
plotted in Figure 16, is obtained from the 
principle of superposition applied to equa¬ 
tion 12. 


Appendix II, Charge Distribution 
in the Earth 

The curves in Figures 25 and 26 for charge 
distribution in the earth as the leader 
progresses toward earth are determined by 
the method of images on the basis that the 
earth is an equipotential surface. The field 
intensity at the earth’s surface is calculated. 
From this the charge density, in coulombs 
per square foot, is determined- 


QiH 
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This solution applies to the front of the 
wave only. From the crest point, the cur¬ 
rent decreases exponentially. 

In the calculations for curves a and b of 
Figure 15, the impedance (voltage for unit 
current applied) of a ground of infinite 
length in which capacitance is considered is 
derived following a method of analysis in 
Carson’s book. 41 


where 

q = charge density on leader in coulombs 
per foot 

v = leader velocity in feet per second 
H —cloud height in feet 
h — height of streamer tip in feet 
r ~radius for which current is calculated in 
feet 
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&- charge concentrated at upper end of 
leader in coulombs 

(8) Qt -= charge distributed uniformly on leader 

in coulombs 

H = distance between Q l and earth (cloud 
height) m feet 

h = distance from leader tip to earth in feet 
(see Figure 25) 

f = radius in feet from center point "O” to 
point at which a is calculated 

The charge per radial foot in Figure 2is 
obtamed by multiplying „ in *££?£ 

tb» S , leader Peeresses, the charge on 

cSterSt 8 ^- 6 T r es in towarf 

yumz u. The current in Figure 
26, represented by this flow of charge, is the 
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Field Disturbances Produced by Lightning 

G. D. McCANN D. E. MORGAN 

ASSOCIATE AIEE ASSOCIATE AIEE 


T HE present knowledge of the mecha¬ 
nism of natural lightning permits 
more accurate calculation of its electric 
and magnetic fields than has hitherto 
been possible. In a previous paper, 1 the 
electric ground gradients for nearby 
strokes to earth were treated principally 
for the determination of the voltages 
induced on transmission lines by indirect 
strokes. In this paper the study is ex¬ 
tended to the fields produced at greater 
distances. Knowledge of the character 
of such fields is important because of their 
relationship to stroke mechanism and 
electrical cloud conditions in general. 
They also are sources of interference to 
radio and telephony communication and 
can cause sparking which may be serious 
in structures constituting a fire or ex¬ 
plosion hazard. 

Measurements have been made by 
numerous investigators of the electric 
gradients during both fair and disturbed 
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weather conditions, and extensive studies 
have been made of the high-frequency 
fields produced by lightning discharges. 
However, the information gained has 
been limited by several factors, such as 
limitations in recording speed, field dis¬ 
tortion with propagation, the large 
number of influencing characteristics of 
the stroke discharge, and the lack of 
sufficient knowledge of their exact effects. 
It was, therefore, felt that a critical analy¬ 
sis of these field disturbances would be of 
value at the present time. 

Electric Ground Gradient During 
Various Weather Conditions 

The relation between the fields pro¬ 
duced during the brief period of a light¬ 
ning stroke and those existing at all other 
times is important for a comprehensive 
analysis of this subject. 

Fair-Weather Field 

There exists at all times an electric 
field in the atmosphere surrounding the 
earth. 2 During fair weather it is always 
directed vertically downward, being pro¬ 
duced by negative charges on the earth's 
surface and positive charges in the upper 
layers of the earth's atmosphere. Fields 
of this direction have been adopted by 


convention as positive. The average 
magnitude of the fair-weather field ranges 
from about 15 to 100 volts per foot in 
different parts of the world. Over oceans 
it is less variable and averages about 40 
volts per foot with a daily variation from 
a minimum of about 25 volts per foot 
occurring around 4 a.rn. local mean time 
to a maximum of 50 volts per foot at 6 or 
7 p.m. 3-5 This variation progresses ac¬ 
cording to universal solar time across the 
oceans. Over land there is also a diurnal 
variation which is greater in magnitude 
and more variable in its nature. 6 ~ u 
These variations are due principally to 
fluctuations in atmospheric pollution, the 
earth’s gradient increasing with the in¬ 
crease in pollution. The maximum range 
of this variation is approximately 15 to 
200 volts per foot. 

Disturbed-Weather Fields 

The increase of ground gradient with 
atmospheric pollution is caused by the 
relation existing between the atmospheric 
gradient, conductivity, and conduction 
current. 2 The conduction current varies 
only slightly despite large variations in 
the other two quantities. The presence 
of dust particles or fine water droplets in 
the air decreases its conductivity by pro¬ 
viding condensation nuclei for raising 
the proportion of slow ions. Decrease 
in the air conductivity, however, produces 
an increase in the gradient and little 
change in the conduction current. Dur- 
ing fog the ground gradient increases to 
as high as 300 to 500 volts per foot. 

There are also several types of atmos- 
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Figure 1. Typical 
variation of ground 
gradient beneath 
shower and thunder- 
clouds (Simp¬ 
son 20 - 21 ) 
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pheric disturbances producing sufficient 
charge separation in the air to change 
the earth’s held materially. Under 
violent dust storms common to arid 
regions, the ground gradient usually be¬ 
comes negative and may reach magni¬ 
tudes as high as 3,000 to 4,000 volts per 
foot. 2 There is no sharp distinction be¬ 
tween the conditions of charge separation 
in rain and thunderclouds or the magni¬ 
tude of the ground gradients they pro¬ 
duce, except during the brief period of a 
lightning stroke. Light or steady rain is 
usually accompanied by negative gradi¬ 
ents. Positive charge is carried to earth 
by the raindrops reversing the sign of the 
earth’s charge, and negative charge is 
left in the cloud base. 18 As the turbulence 
and violence of the storm increases to 
heavy shower or thunderstorms, the 
magnitude of the gradient increases, and 
a greater number of cases of positive- 
charge centers at the base of the cloud, 
resulting in positive gradient beneath' 
are < ibserved. Gradients of either polarity 
mav be as much as 5,000 to 8,000 volts 
per foot, with the negative usually some¬ 
what higher. 20 

The measurements by Simpson and his 
associates 20,21 at Hew, England, of the 
electric gradients both at ground and in 
the cloud have provided data on the rela¬ 
tion between the charge distribution in 

Table I Types of Lightning Discharges and 
the Field Changes They Produce 


Sign of Field Change 


Type of 
Discharge 


Less Than Greater Than 
Reversal Reversal 

Distance Distance 


0. to ground.Negative.... Negative 

0> to ground.Positive.... P 0 5tiv e 

<?s to ground_ NesrativP positive 

<?i to Oi. . ' pL5f- U .Negative 

ChtoO .Positive..Negative 

- TL.Uncertain .Uncertain 

Ch3r * e Ce «ter 7qZ* shown in Figure 3. 


both thunder and shower clouds and the 
ground gradient. Figure 1 represents 
the major typical relations which he has 
found to exist. The top of the cloud hav¬ 
ing positive charge affects the gradient 
at the surface of the earth first as a cloud 
approaches, so that the fair-weather field 
is first increased positively. It then is 
usually reversed by negative charges 
near the base and front of the cloud and 
is predominantly negative under the base 
of the cloud unless a positive charge cen¬ 
ter is overhead. 

Fields From Lightning Discharges 

The only definite means of distinguish¬ 
ing between shower and thunderstorms 
from the nature of the ground gradient are 
the rapid changes during a lightning 
discharge. Measurements of these field 
changes have been of two principal types, 
using the relatively slow capillary elec¬ 
trometer 1 - 17 and the cathode-ray os¬ 
cillograph. 22 ~ 35 It is important to dis¬ 
tinguish carefully between the data ob¬ 
tained from these two types of studies. 
The cathode-ray oscillograph is capable 
of measuring the magnitude and wave 
shape of the field during the period of the 
discharge, whereas the capillary elec¬ 
trometer records the field only just before 
a stroke occurs and the change produced 
after the cloud charge involved in the 
stroke has been neutralized. However, 
the time constants of pickup circuits used 
with oscillographs are necessarily too 
small to record the slow field changes 
during the charging process previous to 
a stroke. The zero axis of an oscillogram 
is, therefore, the field just preceding a 
stroke. & 

Types of Lightning Discharges 

In Figure 2 are replots of typical rec¬ 
ords of ground gradient recorded by 
Wilson 13 with the capillary electrometer. 
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As shown by Figures 2b and 2c the cloud 
charge builds up in an exponential man¬ 
ner and requires several seconds before 
reaching a substantially constant value. 
At the instant of a discharge the gradient 
is changed rapidly by the charge neutrali¬ 
zation. This field change is the portion 
designated by A-B. Correlation of the 
analyses which have been made of ground- 
gradient data of this type in both Eng¬ 
land 13 ' 17 and South Africa 15 * 16 witli the 
balloon studies of Simpson in England 
and the records which have been obtained 
in America of the wave shape of the cur¬ 
rent in direct strokes to ground 37 " 39 gives 
considerable information on the types of 
discharges which can take place and their 
relative occurrence. As mentioned pre¬ 
viously, Simpson’s balloon soundings have 
shown that the type of charge distribu¬ 
tion of Figure 1 was typical of all thunder¬ 
clouds studied. There is positive charge 
in the upper regions of the cloud, negative 
charge in the main base of the cloud, and 
one or more smaller positive charge 
centers in the lower regions of (.lie cloud. 
The components of the gradient produced 
individually by the first two charge 
centers have been pointed out by Wilson 
and are illustrated in Figure 8. The posi¬ 
tive charge at a greater height above 
ground will produce a smaller ground 
gradient at close distances than the 
negative charge. However, it becomes 
greater after a certain distance. The 
effect of the third type of positive-charge 
distribution is also illustrated in Figure 
3a. The gradient produced by it should 
be relatively small and should decrease 
rapidly with distance. 

There are six conceivable types of dis¬ 
charges which may occur either in the 
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form of a single-component stroke or in 
various combinations in a multiple stroke. 
The five involving discharges either be¬ 
tween the three cloud charge centers or 
from anv one of them to ground are listed 
in Table I, together with the net field 
change that would be recorded by the 
capillary electrometer. The sixth possi¬ 
bility is partial discharges which do not 
develop to earth or to other discreet 
charge centers in the cloud. Visual 
evidence is available to indicate that a 
glow discharge can occur infrequently 
from the top of the cloud into the air 
above. 36 In Figure 4 is reproduced a still 
photograph taken with about a ten- 
minute exposure by L. R. Abraham in 
Illinois which shows several discharges 
from the base of the cloud reaching only 
part way to earth. 

As shown by Table I and Figure 3, 
strokes to ground discharging either of 
the two types of positive-charge center 
will produce a negative change in ground 
gradient at any stroke distance. Like¬ 
wise, such a discharge from the negative 
charge center will always produce a 
positive field change. However, cloud- 
to-cloud discharges between charge cen¬ 
ters 1 and 2 will, as shown in Figure 3b, 
produce a field change varying in sign 
with distance. Depending upon the 
amounts of charge involved and their 
mean heights, there will be a certain dis¬ 
tance, designated by Wilson as the rever¬ 
sal distance, at which the sign of the net 
field produced by the two sets of charges 
will change from negative to positive. 
Thus, when the discharge occurs, the 
field change at distances less than this will 
pe positive, whereas at greater distances 
it will be negative. The field change from 
a discharge between centers 2 and 3 is 
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Figure 4. Reproduction of photograph of 
natural lightning showing cloud-to-cloud dis¬ 
charges at cloud base and partial discharges 
toward earth, taken by L. R. Abraham 

uncertain. It depends on which center 
lies at the greater height and on their 
horizontal separation. The change will 
be much smaller than for cloud to ground 
or the first mentioned type of cloud to 
cloud. At distances greater than about 
five or six miles it is probably relatively 
small. 

Capillary electrometer records for 
cloud-to-cloud discharges indicate that 
for both South Africa 16 - 10 and Eng¬ 
land 13 - 17 the reversal distance ranges from 
about two to ten miles with a mean at 
about 4.5 miles. Of 145 records of cloud- 
to-cloud discharges at distances greater 
than six miles, Halliday 15 found 137, or 
95 per cent, producing negative field 
changes. Schonland 16 found 130 out of 
144, or 90 per cent, negative. For cloud- 
to-cloud discharges at distances less than 
four miles, Halliday records 86 out of 
104, or 83 per cent, as negative, and 
Schonland 19 out of 19, or 100 per cent, 
negative. For strokes to ground Halliday 
has recorded 267 out of 283, or 94 per 
cent, which produced positive field 
changes. The field changes and charge 
moments indicated to be destroyed for 
both types of discharges have approxi¬ 
mately the same magnitude. They are 
higher than would be expected by partial 
discharges into the air, which are known 
to occur only rarely, and, except at dose 
distances, higher than would be produced 
by discharges between centers 2 and 3. 
They indicate that the preponderance, at 
least 90 per cent, of cloud-to-cloud dis¬ 
charges are between centers 1 and 2 and 
that about 90 per cent of strokes to 
ground lower a preponderance of negative 
charge to ground. However, that dis¬ 
charges only between centers 2 and 3 can 
occur is indicated by Figure 4 which 


shows horizontal discharges along the 
base of the cloud not connected to dis¬ 
charges to ground. This is less likely to 
occur between two sections of the nega¬ 
tive-charge center than between posi¬ 
tively and negatively charged regions 
unless the discharge is a multiple one to 
ground. 

That practically all strokes to ground 
involve only negative cloud charge is 
shown by the direct-stroke current data. 
Thirty-three strokes to objects ranging 
in height from 85 to 5.85 feet have been 
recorded with the fulchronograph. 37 
Twenty-nine, or 88 per cent, have shown 
entirely negative current flow to earth. 
McEachrou has published data sliowing 
that 4 1 out of 49, or 84 per cent of strokes 
to the 1,250-foot Empire State Building, 
were of entirely negative polarity. 38 - 30 
Of the four remaining fulchronograms, 
only one was entirely positive. It was a 
single-component stroke and is, as far as 
the authors are aware, the only record of a 
stroke that was definitely entirely posi¬ 
tive. The remaining three fulchrono- 
grains and the five records of McEachrou 
are of oscillatory surges. Of these eight 
oscillatory records, five were initiated by 
a negative discharge, and positive cur¬ 
rent only flowed toward the end of the 
stroke. However, one fulchronogram 
has been obtained of a discharge to a 360- 
foot radio tower which started initially 
as a positive continuing current flow of 
low magnitude followed by successive 
high-current negative components. 
McEachrou 38 has recorded one stroke 
starting as a positive high-current com¬ 
ponent followed by a negative high- 
current component which in about five 
microseconds reversed to a positive low- 
current discharge, remaining positive for 
only about 30 microseconds. It seems 
most likely that strokes initially positive 
will originate from charge center 3 of 
Figure 3. However, Mr. D. I). Clark of 
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Figure 3. Ground gradients as produced by 
individual thundercloud charge centers 


Figure 5. Basic 
stroke mechanism 
for calculating elec¬ 
tric and magnetic 
fields 
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the Kansas City Power and Light Com¬ 
pany reports observing discharges from 
the top of the cloud along its side to earth. 
The negative-polarity portions of the os¬ 
cillatory stroke-current records involve 
predominantly greater amounts of charge 
than the positive portions. This, to- 


Figure 6. Charge moment and its derivatives 
for average stroke 

Basic stroke mechanism of Figure 5. Crest 
current 20,000 amperes. Cloud height 5,500 
feet 

gether with the fact that the smaller 
positive center 3 of Figure 3 is in the 
lower region of the cloud, indicates that 
it is most often involved in such strokes. 

To summarize, the evidence available 
to the authors indicates that thunder¬ 
cloud charge conditions and the types 
of discharges which can take place are 
essentially the same in South Africa, 
England, and the United States. The 
preponderance of cloud to ground strokes, 
about 90 per cent, involves only the dis¬ 
charge of the negative charge in the 
cloud base. Also, about 90 per cent of 
cloud-to-cloud discharges are from the 
negative-charged region in the cloud base 
to the positive charge in the cloud top. 
There are undoubtedly considerable data 
not available to the authors that would 
give more information on this subject 


and the presentation of it would be most 
welcome. 

Relation Between Cloud Height and 

Proportion of Strokes to Earth 

It has been commonly observed that 
the greater the cloud height the lower the 
ratio of strokes to ground to discharge 
wholly within the cloud. In England, 
thundercloud heights have been found to 
range from 1,000 to 30,000 feet with an 
average of about 6,500 feet. 20 Wormell 
finds that for this average cloud height 
the ratio of positive field changes to 
negative field changes at greater than the 
reversal distance averages 1.7, This gives 
the ratio of ground discharges to those 
in the cloud. Schonland’s data give a 
ratio of 0.22 for Cape Town where he 
states that the cloud heights are generally 
greater than in England. Halliday finds 
a ratio of 0.36 at Johannesburg, but he 
merely states that the cloud heights are 
lower than near Cape Town. Available 
data 1 on thundercloud heights in this 
country indicate the same range of 
variance and average as for England. 
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Figure 7 (left). 
Electric ground gra¬ 
dient during initial- 
leader and return- 
streamer period of a 
single-component 
negative stroke as 
function of stroke 
distance (d) 

Stroke conditions of 
Figure 6 


Figure 8 (below). 
Magnetic-field in¬ 
tensity (H) for a 
single-component 
stroke as function of 
stroke distance (d) 

Stroke conditions of 
Figure 6 


Wave Shape of Field Produced by 
Strokes to Earth 

The fundamental data on the mecha¬ 
nism of lightning strokes to earth and the 
magnitudes of the various quantities 
necessary for the field calculations have 
been summarized in the previous paper. 1 
Equations were also developed for suffi¬ 
ciently accurate calculation at stroke 
distances up to about one mile. These 
data will, therefore, be reviewed only 
sufficiently to enable the development of 
equations for greater distances which 
require some modifications in the as¬ 
sumptions of stroke mechanism. The 
field produced by the initial downward 
leader and return-streamer portion of a 
stroke component will be considered 
first. 

Basic Stroke Mechanism 

The principal characteristics of the 
fields produced during this period of the 
discharge can be determined sufficiently 
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accurately by the basic assumptions illus¬ 
trated in Figure 5. The effects of varia¬ 
tion from these conditions will be treated 
later. The cloud charge involved in this 
portion of the discharge is assumed to be 
lowered at a constant rate and dis¬ 
tributed uniformly along a straight verti¬ 
cal channel. This charge is then lowered 
more rapidly the rest of the way to 
ground by the return streamer. The 
current flowing at the earth terminus of 
the stroke and in the return-streamer 
channel can be considered as determined 
by the distribution along the stroke 
channel of its charge and the velocity of 
the return streamer which instantane¬ 
ously discharges each portion of the 
channel as it is reached. The stroke 
current flowing at any instant can be 
considered as the product of the return- 
streamer velocity and the charge density 
at the point on the channel reached at 
that instant. For the short distances 
considered in the previous paper, varia¬ 
tion of these quantities along the channel 
did not affect the field calculations 
greatly. However, at greater distances 
they become important. For the basic 
calculations it is assumed that the 
stroke-current variation with time is 
determined entirety by variation of the 
return-streamer velocity along the stroke 
channel. 


Equations for Fields at Large 

Distances 

In the previous paper the field equa¬ 
tions developed for short distances from 
the stroke channel were fairly complex. 
At larger distances, for which the dis¬ 
tance r, shown in Figure 5, from the point 
of field measurement to any point in¬ 
volved in the stroke discharge varies 
only slightly from the horizontal dis¬ 
tance d, considerable simplification can 
be made. 

The equation for the electric ground 
gradient can be written as follows: 


= 5.9X10 10 


_d 3+ cd 2 bt 


m i m£ 

bt + c 2 d bt 2 


volts per foot (1) 


Figure 9. Relation between stroke mecha¬ 
nism and ground gradients as observed by 
Schonland 26 


and for the magnetic field intensity the 
equation is 


#==6.48X10° 


JL 1 b 2 M ~ 
cd 2 bt + cH bt 2 _ 


gilberts per square centimeter 


( 2 ) 


It is horizontal, and its direction, of 
course, conforms to the right-hand screw 
law with respect to the flow of current 
in the stroke channel. 

In these equations 


d = distance from stroke channel in feet 
t — time in seconds 

6= velocity of light = 984X10° feet per 
second 


M is the moment of charge in coulomb- 
feet at the time d/c before the field is 
measured at the point P. It is the 
integral at any instant of the product 
of each differential element of charge 
involved in the discharge and its height 
above ground. The effect of the image 
charge shown in Figure 5 is taken care of 
by a factor of 2 included in the equations. 
These equations give an accuracy of about 
ten per cent for distances that are twice 
the cloud height (If). They are thus 
sufficiently accurate for the average 
channel height at distances greater than 
about two miles. The equations contain 
three terms involving the charge moment 



(b) 

5 TO 20 MILES 

Figure 10. Ground gradient during period of 
a two-component multiple charge 


and its first and second derivatives. 
These are commonly designated as the 
electrostatic, induction, and radiation 
components, respectively. It is only 
after the start of the return-streamer 
period of the discharge that the induction 
and radiation terms are appreciable. As 
shown by the equations, the three terms 
decrease respectively with the third, 
second, and first power of the distance. 
Thus their relative importance varies 
considerably with stroke distance. The 
equations for the fields during the initial 
downward leader and return-streamer 
periods have been developed in the ap¬ 
pendix for the basic mechanism of Figure 
5 and an exponentially varying stroke 
current. 

Fields Produced by a Typical Stroke 

To show the principal characteristics 
of the field disturbances and their 
variation with distance, calculations have 
been made for a negative stroke com¬ 
ponent of average characteristics. The 
average value of 0.6 foot per microsecond 
is used for the effective velocity of the 
initial leader for the first component of 
a stroke. For successive components of a 
multiple stroke the dart-leader velocity 
averages about ten feet per microsecond. 
The current and return-streamer velocity 
are shown in Figure 6a. In Figure 6b are 
the curves of the moment and its deriva¬ 
tives during the return-streamer period. 

The use of an exponential expression 
that gives a reasonable representation 
of the high-magnitude portion of the 
stroke current does not represent the 
subsequent continuing flow of low current 
that may be present to varying degrees. 
It also results in too long a time for the 
return streamer to reach the cloud. 
Therefore, the wave shape after 100 
microseconds was modified, as shown by 
the dotted portion of the curve of Figure 
6a. 

Figures 7 and 8 show the electric 
ground gradient and the magnetic-field 
intensity as calculated for various dis¬ 
tances from the stroke channel. The 
curves of Figure 7a for distances below 
one mile were determined from the equa- 
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tions of the previous paper. 1 At these 
distances only the electrostatic com¬ 
ponent of the electric field is appreciable. 
Also, below about one mile the field in¬ 
creases negatively during the progress of 
the initial downward leader and then 
rapidly decreases as the return streamer 
propagates up the stroke channel. From 
one to about five miles it decreases during 
both periods. However, as distance is 
increased further and the first and second 
derivative components become impor¬ 
tant, the field during the return-streamer 
period has an increasingly positive peak. 
At distances above about 20 miles both 
the electrostatic and induction compo¬ 
nents of the field become negligible. No 
appreciable field change occurs during 
the initial downward-leader period, and 
the field during the period of the return 
streamer has the oscillatory wave shape 
of the radiation component. 

The magnitudes of the currents flowing 
in the stroke channel and their rate of 
variation with time are only high enough 
to produce a magnetic-field intensity of 
appreciable magnitude after formation of 
the intense return streamer. As shown in 
Figure 8 the first derivative component 
of the field during this period predomi¬ 
nates up to about two miles. Above 20 
miles the second derivative term pre¬ 
dominates and the wave shape is identical 
with that of the electric gradient. 

Most field measurements have been of 
the electric field, using either a short 
horizontal antenna, a vertical rod, or 
sphere. Published cathode-ray oscillo¬ 
grams that are not distorted by propaga¬ 
tion conditions (to be discussed later) do 
not have sufficient resolving power to 
show the wave shape accurately. Those 
of Schonland appear to give the most re¬ 


types of initial leader conditions which 
he observed. Schonland designated the 
three principal periods of the discharge 
mechanism as a , b, and c. The symbol 
a designates the initial downward-leader 
period, b the return-streamer period, and 
c the period after the return streamer has 
reached the cloud and ceased to propa¬ 
gate upward. Figure 9a, typical of 
about G5 per cent of the recorded cases, 
indicates, as Schonland points out, that 
the effective rate of progress of the 
initial downward leader is uniform and 
that charge is distributed approximately 
uniformly along the channel. The ripples 
superimposed on the main field change in 
this period are produced by the stepped 
leader mechanism. About 35 per cent 
were typical of Figure 9b for which the 
downward progress of the stroke leaders 
starts at a uniform rate of the same order 
of magnitude as for the first case. How¬ 
ever, at a certain point the stepped leaders 
suddenly become shorter, and the effec¬ 
tive rate of propagation decreases. Be¬ 
cause of the time constant of the am¬ 
plifier used for the field measurements, 
the recording spot falls to zero during this 
period on account of the relatively slow 
change of gradient. This second type of 
leader mechanism has been attributed by 
him and others 42 to the presence of space 
charge in the air which tends to neutral¬ 
ize the charge lowered from the cloud. 
The difference between the two initial 
leader conditions does not appear to 
affect the more important and higher- 
magnitude field changes recorded during 
the b and c periods. 

Figure 9 illustrates the third phase in 
the field change, the c portion which is the 
field change produced ' by the further 


slower lowering of charge to earth after 
the return streamer has reached the 
charge center at which the stroke origi¬ 
nated. This process produces the low- 
magnitude long-duration portion of the 
stroke current. Fulchronograms of di¬ 
rect strokes show that the length of this 
period and the amount of charge lowered 
varies widely. For some records this 
portion of the stroke current has been of 
negligible duration and in others has 
lasted several hundredths of a second. 
Magnitudes of charge as high as 50 
coulombs have been measured for the 
charge lowered in this period. 37 Lowering 
of charge does not necessarily continue 
until the start of another component in 
the case of a multiple stroke. 41 However, 
McEachron has found that this is gener¬ 
ally the case for strokes to very tall ob¬ 
jects, 38 As illustrated in Figure 9a 
Schonland found that subsequent com¬ 
ponents of multiple strokes sometimes 
produced additional lower-magnitude os¬ 
cillation in the field just following the b 
period and just after the return streamer 
had reached the cloud. This will be 
discussed later. 

The net change in field from the start 
of the initial downward leaders to the 
end of the c portion represents the field 
change A-B shown in Figure 2 that would 
be recorded by the capillary electrometer 
for a single-component stroke. It is, 
however, only one phase of the field 
change for a multiple stroke. The com¬ 
plete characteristics of the electric gradi¬ 
ent during the whole period of the dis¬ 
charge is illustrated in Figure 10 which 
shows the field change at close and 
medium distances for a two-component 
stroke. At greater distances, of course, 


liable information. For relatively close 
distances he has co-ordinated them with 
Boys camera records of the stroke mecha¬ 
nism, 26 and the effects of propagation 
can be eliminated from those he obtained 
at large distances. 34 In Figure 9 are 
shown typical records obtained in South 
Africa and published by him. Figures 
9a and b illustrate the characteristic 
fields he recorded at medium distances. 
Figure 9c is typical of those recorded at 
greater distances and shows the character¬ 
istic oscillatory wave shape of the second 
derivative component of the moment. 
All of his measurements were made at 
distances for which the radiation com¬ 
ponent predominated. He found that 
the field change during the period in which 
the return streamer is propagating up to 
the cloud has the characteristic wave 
shape shown by Figures 7d and 9c. 
Figures 9a and b show the two principal 


Figure 11. Four as¬ 
sumptions of charge 
distribution, return- 
streamer velocity, 
and channel height 
that produce the 
same stroke current 

Crest return-streamer 
velocity 100 feet per 
microsecond. Stroke 
current of exponen¬ 
tial 2x40-microsec- 
ond wave shape 
with crest of 20,000 
amperes 


00 



ALL OF CHARGE ON STROKE CHANNEL 



CHARGE ON CHANNEL ABOVE 4000 FT FOR CASES 


Q a b CONCENTRATED IN CLOUD 


UNIFORM CHARGE DISTRIBUTION CONSTANT RETURN STREAMER VELOCITY 
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where the electrostatic field component is 
negligible, the net change from A to B 
is zero, and the oscillatory components of 
field occurring during the b period each 
start from and return to essentially zero. 
The same condition is always true for the 
magnetic-field intensity, regardless of 
distance. 

Variations From Basic Stroke 
Mechanism 

When consideration was given to the 
fields at close distances from the stroke, 
it was found 1 that conditions in the lower 
part of the stroke channel near the earth 
are of most importance. For the dis¬ 
tances considered in this paper, appreci¬ 
able field changes are produced, not only 
during the first few hundred feet of propa¬ 
gation of the return streamer, but 
during the entire period that high rates 
of charge movement exist. Conditions 
at the top of the stroke channel and in 
the cloud itself assume greater impor¬ 
tance. Only the conditions which were 
not treated sufficiently in the previous 
paper 1 for large distances will be con¬ 
sidered. The justification for assuming 
that the channel charge is neutralized 
instantaneously by the return streamer 
has been considered. The effects of up¬ 
ward streamers from the ground were 
shown and found to be unimportant at 
stroke distances greater than 500 feet. 
Irregularities of the main-stroke channel 
have also been treated. Their effects 
decrease with distance, and, except for 
irregularities that they might produce 
in the wave shape of the stroke current, 
they are unimportant at distances where 
r of Figure 5 to any part of the stroke 
channel can be considered equal to the 
stroke distance d. This consideration 
applies to the field disturbance that propa¬ 
gates directly to the point of measure¬ 
ment. Irregularities in the shape of the 
main channel do become important at 
large distances for the field disturbances 
reflected from the ionosphere. This will 
be considered later. 

Variation of Charge Distribution 
Along Channel 

Although measurements of the return- 
streamer velocity show sufficient varia¬ 
tion along the stroke channel to determine 
entirely the stroke-current wave shape, 1 
and the field measurements of Schon- 
land 26 indicate approximately uniform 
charge distribution along the channel, a 
study was made to determine the ac¬ 
curacy of the assumption of uniform 
charge distribution. The two limiting 
relationships which can be assumed be- 





FIRST DERIVATIVE OF MOMENT 




SECOND DERIVATIVE OF MOMENT 


Figure 1 2. Comparison of charge moment and 
its derivatives for the stroke-mechanism as¬ 
sumptions of Figure 11 

tween return-streamer velocity V and 
channel charge q are those shown in 
Figures 11a and b. Figure 11a represents 
essentially the basic mechanism condi¬ 
tions of constant charge already treated. 
Figure lib represents the assumption of 
constant return-streamer velocity and 
variation of charge distribution to pro¬ 
duce the proper stroke-current wave 
shape. If an exponential wave form is 
used for the stroke current in which it has 


decreased to zero by the time the return 
streamer has reached the top of the stroke 
channel, the required variation of V for 
Figure 11a produces infinite time for the 
return streamer to reach the channel top 
and the variation of q for Figure lib, an 
infinite channel height. Equations 5 to 10 
of the appendix give the charge moment 
and its derivatives for these two cases, 
and these quantities for the specific 
conditions in Figure 11a and b are com¬ 
pared on the left side of Figure 12. The 
greater height for the case of constant V 
produces a greater initial-charge moment 
and a greater change of moment. How- 
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Figure 13. Variation of second derivative of 
charge moment producing radiation-field com¬ 
ponent over significant range of cloud height 
(H) # return-streamer velocity (V), and stroke- 
current wave shape 

ever, as shown by Figure 12, the second 
derivatives of the moment producing the 
radiation component are very similar. 

Both of these assumptions are extremes 
that are not representative of actual con¬ 
ditions. A comparison of the two sets of 
conditions should be based on equal cloud 
heights sufficiently below 5,500 feet to 
produce a reasonable time for the return 
streamer to reach the channel top in the 
case of Figure 11a. For large distances 
from the stroke channel, the charge above 
this point can be assumed concentrated 
at the top of the channel. 

Relation Between Charges in Cloud 
and on Stroke Channel 
The transition between the two periods 
that Schonland has defined as the b and 





b periods is not clear cut. It is not 
definitely known at just what time rela¬ 
tive to the stroke current wave the return 
streamer reaches the top of the main- 
stroke channel. The conditions existing 
in the cloud to produce the further con¬ 
tinuing flow of current are not exactly 
known. Schonland’s 26 measurements 
show that the time at which the return 
streamer reaches the cloud is well down 
on the tail of the high-current portion of 
the stroke current, because even the 
second or negative part of the radiation 
field component in- his records is over 
before the return streamer reaches the 
cloud, and the current must have de¬ 
cayed to a low value by this time. 

That the relation between the amount 
of the charge on the channel and in the 
cloud is not important if the latter be 
considered as concentrated at a point 
can be shown by the two conditions set 
up in Figures 11c and d. All of the 
charges above 4,000 feet for the two pre¬ 


vious cases are concentrated at the 
channel top. This produces a wide varia¬ 
tion in the ratio between the two sets of 
charge. It also provides a better basis 
for comparing the effect of channel- 
charge variation. The additional equa¬ 
tions 11 to 15 are necessary for deter¬ 
mining the charge moment and its deriva¬ 
tives when charge is concentrated 
at the channel top. The three com¬ 
ponents of the field are compared on the 
right-hand side of Figure 12. Practically 
equivalent results are obtained which 
show that not only is the transition pe¬ 
riod between charge movement on the 
main-stroke channel and in the cloud 
unimportant, but also the variation of 
charge distribution along the channel, 
as long as the stroke current is fixed. 

Wave Shapes Differing From 

Exponential Form 

With uniform channel-charge distri¬ 
bution, calculations were made with the 
return-streamer velocity varying in sev¬ 
eral possible ways that still would 
produce the same standard definition of 
a current wave in terms of time to crest 
and time to half value. For any logical 
wave form the method of varying the 
tail was found to be unimportant, unless 
pronounced irregularities were produced. 
The greatest effect is caused by variations 
in the front of the current wave, and it 
appears principally in the crest and time 
to crest of the first peak of the radiation 
component. However, for a range of 
current fronts including a straight line 
producing a uniform rate of rise, an ex¬ 
ponential wave, and a sine wave both 
passing through the 10 and 90 per cent 
points of the uniform front, the variations 
of the time to first crest of the radiation 
component and its magnitude were less 
than ten per cent. 

Effect of Branching 

Boys camera records published by 
Malan and Collens 40 indicate that the 
brilliancy of the stroke channel suddenly 
increases at the instant the return 
streamer reaches a branch point. Bruce 
and Golde point out that this probably is 
associated with an increase of stroke 
current, and thus irregularities are 
produced in the stroke current as each 
branch point on the channel is reached. 
As shown by equation 5 of the appendix, 
this should produce a similar variation in 
the charge moment which would be ac¬ 
centuated in its first and second deriva¬ 
tive producing oscillations in the radia¬ 
tion component of the held. However, 
the electric-held records of Schonland 26 
which are correlated with Boys camera 
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CREST RETURN STREAMER 
VELOCITY IN FEET/MICROSECOND 



CREST STROKE CURRENT IN KILOAMPERES 

(b) CREST RETURN STREAMER 
VELOCITY IOO FEET/MICROSECOND 

Figure 14. Effect of return-streamer velocity 
and crest stroke current on crest magnitude of 
second derivative of charge moment producing 
radiation-field component 
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records show no evidence of such oscilla¬ 
tion during the period the return streamer 
is propagating back to the cloud. Neither 
has any evidence of this been found as 
yet in stroke-current records. 37 * 38 . 39 

Additional Oscillations for 

Successive Components of 

Multiple Strokes 

The successive oscillations recorded by 
Schonland 26 in the period following the 
return streamer’s entry into the cloud 
(see Figure 9a) are difficult to account for 
quantitatively, since little is known about 
the stroke mechanism within the cloud. 
He found that in general the duration 
and number of oscillations increased pro¬ 
gressively with each successive stroke 
component, indicating that each addi¬ 
tional set of oscillations is identified with 
each new charge center tapped. The 
variation in height of these charge 
centers can be large enough that the 



Figure 15. Effect of stroke-current wave front 
on front f radiation-field component 


streamer path connecting them to the 
main-stroke channel will be quite vari¬ 
able. As a certain successive stroke com¬ 
ponent is initiated by a steamer starting 
from its charge center, it may, in some 
cases, travel first to the charge center 
producing the component occurring just 
previously, thence to the next charge 
center, and so on until the center origi¬ 
nating the initial component is reached 
and the path is completed to ground. 
Thus, although the return-streamer veloc¬ 
ity and charge distribution along the 
streamer channel in the cloud may have 
no irregularities, variations in the cloud- 
streamer path might produce field irregu¬ 
larities, that would be accentuated in 
the radiation component, even though 
they are not produced in the stroke 
current. 

Schonland himself points out 26 that 
Boys camera records do not indicate ir¬ 
regularities in the channel current below 
the cloud at this corresponding time, nor 
do they commonly appear in measure¬ 
ments of the stroke current at the 
ground. 37 The only measured stroke 
current known to the authors with such a 
characteristic is that discussed under 
“Types of Lightning Discharges,” in 
which the current reversed polarity five 
microseconds after the start of the high- 
current component. The relative effect 
of such irregularities in the cloud-streamer 
path should decrease with stroke dis¬ 
tance, and Schonland makes no mention 
of this effect in the fields recorded at large 
distances, 34 although he states that the 



—- VERY DISTANT 


0 MILLISECONDS 3 
(b) 

Figure 16. Train of pulses produced in the 
electric field at large distances by reflections 
from the ionosphere as observed by Schon¬ 
land 34 

G represents field propagating directly to 
point of measurement. S n are the reflected 
pulses 

fields from successive components were 
recorded. The wave shape of Figure 9c 
is given as typical of all records of fields 
undistorted by reflections from the 
ionosphere. 

Successive Reflections From the 
Ionosphere 

The wave shapes of fields measured at 
great distances are very complex and 
show considerable distortion from propa¬ 
gation which makes them difficult to 
interpret. Schonland, 34 however, has 
quite definitely established that this dis¬ 
tortion is produced by successive re¬ 
flections of the radiated held between the 
ionosphere and earth which, because 
each higher order of reflected wave travels 
a greater distance to the point of measure¬ 
ment, produces a train of waves. This is 
illustrated by the set of records in Figure 
16 reproduced from Schonland’s paper. 
As the stroke distance increases, the time 
interval between the field disturbance 
propagating directly to the point of 
measurement (the ground pulse G) and 
the sky pulse S becomes smaller, until at 
a certain distance the sky pulse Si of 
Figure 16 merges with the ground pulse 
and thus distorts it, so that it loses its 
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initial character. Finally, at very great 
distances, the pulses have all merged 
together producing the type of record 
shown at the bottom of Figure 16b. For 
atmospherics at night as recorded by 
Schonland, the height of the reflecting 
layer ranges from 50 to 60 miles and the 
Si sky pulse begins to merge with the 
ground pulse at stroke distances of 250 to 
300 miles. However, during the day the 
height of the reflecting layer is lower, 30 
to 40 miles, and they merge much sooner. 
Records of Appleton and Chapman 32 
indicate merging at distances of 50 to 
100 miles during the day. 

All records of Schonland where the 
ground pulse is undistorted have shown 
the wave form which the calculations 
indicate as typical for the radiation com¬ 
ponent. The more complicated wave 
forms that have been recorded are most 
likely due to this reflection effect. Quite 
frequently the sky pulses have the same 
wave form. However, they are subject 
to additional distortion because of this, 
reflection from the ionosphere. Another 
factor causing variation from the ground 
pulse is stroke-path irregularity. The 
sky pulse reflected to a certain point on 
the earth is the result of the portion of the 
field radiated from the stroke at a cer¬ 
tain angle with the vertical to the iono¬ 
sphere. For successive pulses this angle 
is different. If the stroke path is con¬ 
sidered as made up of individual segments 
inclined at varying angles, the field 
radiated at different angles will vary, and 
thus each segment can produce a different 
field for each successive sky pulse. 

Effect of Cloud Height, Return- 

Streamer Velocity, and Stroke 

Current 

The principal factors affecting both the 
electric and magnetic field are the cloud 
height, return-streamer velocity, and 
channel charge which can be specified 
in terms of the stroke current the quan¬ 
tity that has been measured. The effect 
of these on the radiation component can 
be analyzed quite simply, so that they 
can be established over the principal 
range of distances. However, at close 
distance (one to ten miles) their effects 
are too complicated and interrelated to 
warrant summary. 

In Figure 13 are shown curves of the 
second derivative of the charge moment 
for cloud heights, crest magnitudes of 
return-streamer velocity, and current 
wave shapes covering the principal range 
of variation. As shown previously, the 
principal range for the crest magnitude 
of the return-streamer velocity as indi¬ 
cated by available data is 100 to 500 feet 
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Figure 17. Magnitude of net field change 
(see Figure 10) produced by a stroke to 
ground 


per microsecond with an average of about 
200 feet per microsecond. The fronts of 
most current waves lie between one and 
ten microseconds and their times to half 
value between 20 and 100 microseconds. 
For this range of current wave shapes, 
variation of cloud height above 10,000 
feet is unimportant. As shown by these 
curves, the duration of the radiation 
component increases with stroke-current 
duration. The. field wave shape is in¬ 
dependent of everything but stroke cur¬ 
rent for current waves as short as the 
2x10-microsecond wave. For longer cur¬ 
rent waves, the duration of the first posi¬ 
tive portion of the field increasessomewhat 
with increasing cloud height and de¬ 
creasing streamer velocity. However, the 
magnitude is affected little by cloud 
height and depends principally upon the 
magnitude of the stroke current and re¬ 
turn-streamer velocity being directly 
proportional to both as shown by Figure 
14. It is interesting that the time to the 
first crest is proportional to the time to 
crest of the stroke current as shown by 
Figure 15 and independent of the other 
factors. 



produced at close distances by a stroke com¬ 
ponent (see Figure 7a) 
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The dominant effect of stroke current 
indicates that considerable information on 
stroke-current wave shapes could be ob¬ 
tained from field records of sufficient re¬ 
solving power, if they were obtained in 
the proper range of distance, so that the 
undistorted radiation component is re¬ 
corded. Measurements of the front of 
the field would provide information on 
the fronts of the stroke current for which 
there are fewer data than for any other 
part of the current wave. Schonland 28 * 34 
has found the total measurable duration 
of the radiation component to range from 
50 to 250 microseconds with an average 
and most common value of about 80 
microseconds. This indicates current 
wave shapes with times to half value 
ranging from 20 to 100 microseconds and 
averaging about 30 microseconds. This 
range of wave shape is also indicated from 
the range (20-70 microseconds) 34 of the 
measured durations of the first positive 
portion of the field. This checks quite 
well with stroke-current measurements. 37 
Attempts at stroke-current analysis from 
field measurements have been made by 
Norinder. 23 However, they are in¬ 
accurate, because not enough knowledge 
of the stroke mechanism was available 
at the time. 

Magnitude of Electric Fields 

In Figures 17, 18, and 19 are given 
data on the range of magnitudes of the 
principal field changes produced during 
a discharge to ground and their variation 
with stroke distance. The solid curves 
were calculated from the formulas of this 
and the previous paper, 1 and the plotted 
points represent actual measurements. 
In Figure 17 are shown the range of the 
net A-B field change as produced by the 
cloud charge lowered by a stroke and the 
field change recorded by the capillary 
electrometer. The curves were calculated 
by assuming the total stroke charge to 
be concentrated at one point. Stroke- 
current measurements 37 * 38 indicate that 
one to 100 coulombs is the principal 
range for the amount of charge lowered 
with an average of 20 to 30. Cloud-height 
data indicate a range of 1,000 to 35,000 
feet with an average of about 6,500 feet. 
The curve for the average conditions 
conforms quite closely, for distances 
above three miles, to the averaged plotted 
data of Wormell 17 who has published a 
summary of the records obtained at 
Kew up to 1939. The divergence below 
three miles may be due to the inaccuracy 
of assuming the charge concentrated at 
one point. 

In Figure 18 are plotted curves for the 
crest magnitude of the field at close dis- 

AIEE Transactions 



tances which has the wave form given by 
Figure 7a. For this range of distance 
crest stroke current is the principal 
factor determining the field. As shown by 
this curve quite high gradients can be 
produced as far away as half a mile. 
They are sufficient to produce sparking, 
even between relatively small metallic 
objects at close spacings. Induced sparks 
produced in this way are a consideration 
in structures which constitute a fire or 
explosion hazard. There is evidence that 
fires are started in wooden barns in this 
manner. No field measurements are 
known to the authors for this range of 
distances. Figure 19 applies to the crest 
magnitude of the radiation-field com¬ 
ponent which predominates above 10 to 
20 miles. The magnitude of this com¬ 
ponent is a function only of the crest 
stroke current and return-streamer veloc¬ 
ity, and it should vary inversely with 
distance (see equation 1). This is veri¬ 
fied by the averaged plotted points of the 
field measurements shown on the figure. 
They also confirm the estimated average 
curve based upon an average crest stroke 
current of 20,000 amperes and an average 
crest return-streamer velocity of 200 
feet per microsecond. 1 However, the 
field can be distorted somewhat at dis¬ 
tances above 50 miles in the daytime and 
200 miles at night by sky reflections. The 
good comparison between the calculated 
and measured values indicates that the 
distortion does not greatly affect the 
crest magnitude of the field. Similar 
field data published by Lutkin 31 are not 
plotted, because the averaged values are 
more than ten times those plotted in 
Figure 19 and lie above the calculated 
upper limit. It is felt that there is some 
error in his results. 

Fields From Cloud-to-Cloud 
Discharges 

Insufficient information is available on 
the mechanism of cloud-to-cloud dis¬ 
charges to calculate the fields they pro¬ 
duce. Wonnell has found that the total 
A-B field change of such discharges is 
the same order of magnitude as for dis¬ 
charges to ground, indicating the same 
range of magnitude of charge to be neu¬ 
tralized. However, the fields produced 
at close distances will be very much less 
and insignificant below one-half mile 
compared to those shown in Figure 7a 
for cloud-to-ground discharges. The 
reason for this is that the discharge 
mechanism takes place at a great distance 
from the earth. The radiation fields 
recorded at larger distances also have 
been found to be less 34 and are dis¬ 



Figure 19. Crest magnitude of electric 
gradient at large distances 

Radiation component (see Figure 7d) 

tinguishable from those produced by 
strokes to ground. The reason for this 
is that the rate of combination of charge 
is much lower. For the more common 
type of discharge between the negative 
charge in the cloud base and the positive 
charge in the cloud top, photographic 
records of the discharge mechanism 
indicate that it consists of a series of 
“dart” leaders similar to those initiating 
subsequent components of multiple 
strokes but unaccompanied by the in¬ 
tense return streamer. 34 Several such 
records have been obtained in the West- 
inghouse lightning investigation that 
are, however, too faint for reproduction. 
One of these showed six such dart leaders 
of very short duration compared to the 
typical return streamer and separated 
by time intervals ranging from 0.0005 to 
0.015 second with a total duration of 
0.109 second. The time intervals between 
these streamers is in general much less 
than for the interval between multiple 
components of cloud-to-ground dis¬ 
charges. The fields as recorded for such 
discharges 31 * 34 are a series of very short 
pulses, each lasting not more than about 
five to ten microseconds. Records have 
also been obtained 31 - 34 of fields which 
have the characteristic of the gradient 
produced by the step-leader process of a 
stroke to ground. They consist of very 
low magnitude and short pulses separated 
by intervals of the order of 50 to 100 
microseconds. These have been attri¬ 
buted by Lutkin 31 to the type of dis¬ 
charge previously discussed, starting to¬ 
ward the earth but not reaching all the 
way to ground. 

Summary and Conclusions 

The variations of the electric ground 
gradient produced by lightning discharges 


have been compared with the gradient 
present at all other times both in fair and 
disturbed weather. These rapid varia¬ 
tions provide the only definite means of 
identifying and locating thunderstorms 
from the nature of the ground gradient. 

The field data now available indicate 
that, although there are several types of 
lightning discharges, the great prepon¬ 
derance is of two kinds; cloud-to-ground 
discharges involving only the negative 
charge in the base of the cloud, and cloud- 
to-cloud discharges between these nega¬ 
tive-charge centers and the positive 
charge in the cloud top. Their relative 
frequency of occurrence varies with cloud 
height. The lower the cloud base above 
ground, the greater the number of strokes 
to ground. Field measurements indicate 
that their ratio to cloud-to-cloud dis¬ 
charges ranges from 0.22 in South Africa 
to 1.7 in England where cloud height 
conditions are about the same as those 
over relatively flat terrain in the United 
States. 

The analytical study that has been 
made of the electric and magnetic fields 
produced by strokes to ground gives their 
magnitude and wave shape during the 
entire period of the discharge as a function 
of the stroke distance. Measurements of 
the net field change from the beginning 
to the end of a stroke to ground confirm 
the average of 30 coulombs, as found by 
stroke-current measurement, for the 
charge lowered to earth. The crest 
magnitude of the fields produced at dis¬ 
tances below about a half-mile are deter¬ 
mined primarily by the magnitude of the 
stroke current. Fields of sufficient magni¬ 
tude to cause induced sparks even be¬ 
tween small metallic objects can be 
produced at distances as great as one 
half-mile. The data on magnitude of 
the ground gradient provide a method of 
determining sparking conditions which 
are an important consideration in the 
protection of structures that are a fire or 
explosion hazard and which can be pro¬ 
duced at even greater distances. Above 
10 to 20 miles the magnitude and wave 
shape of the stroke current and the magni¬ 
tude of the return-streamer velocity are 
the principle controlling factors. Cal¬ 
culated and measured values of the 
magnitude of the field in this range of 
distances are in good agreement. Aver¬ 
aged measured values conform closely to 
calculation of the field using magni¬ 
tudes of return-streamer velocity (200 
feet per microsecond) and stroke current 
(20,000 amperes) that other investiga¬ 
tions indicate to be average. In the 
intervening range number of influencing 
factors is large and their effects complex. 
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Despite the complex wave forms that 
have been recorded at great distances, 
the field as radiated from the stroke has a 
relatively simple well-defined form deter¬ 
mined principally by the wave shape of 
the stroke current. The complex records 
are produced by reflections from the 
ionosphere that begin to cause distortion 
at distances ranging from 50 to 300 miles. 
Analysis of available records of the wave 
shape of the electric field indicates that 
they are produced by strokes with cur¬ 
rents having times-to-half value ranging 
from 20 to 100 microseconds and averag¬ 
ing about 30 microseconds. This checks 
measurements that have been made of 
stroke currents. More accurate records 
of the undistorted field should give con¬ 
siderable information on the wave shape 
of stroke currents, particularly their 
fronts for which relatively little informa¬ 
tion is available. 

Cloud-to-cloud discharges usually pro¬ 
duce a net change in field of the same 
order of magnitude as strokes to earth 
indicating that about the same amount of 
charge is neutralized. However, the 
field changes produced are usually dis¬ 
tinguishable from those of ground strokes 
by being of lower magnitude and consist¬ 
ing of a series of pulses of very much 
shorter duration with time intervals 
generally much less than between success¬ 
ive components of strokes to ground. 


Appendix. Equations for Light¬ 
ning-Stroke Charge Moment and 
Its Derivatives 

- General equations can be developed for 
the moment and its first and second time 
derivatives for use in the field equations of 
the section, “Equations for Fields at Large 
Distances.” 

1. Before Start of Discharge 

Just previous to the initiation of the down¬ 
ward leader, see Figure 5a 

M=QH (3) 

where 

M — moment of charge 
Q ~ concentrated charge 
H — height of charge 

All units are in terms of coulombs, feet, 
and seconds. 

2. Initial-Leader Period 

During the downward leader process, 
Figure 5b, if uniform initial-leader velocity, 
v, and uniform channel-charge distribution, 
q, are assumed, the equation for the moment 
is 

M= f q(H-z)dz+(Q-qz)H 

J ii 


where 

z~vt 

M = qHvt - — P+QH-qHvt (4) 

2 

where 

g = distributed charge per-unit length 
z = length of channel developed from con¬ 
centrated charge 

v =velocity of downward streamer 
* — time 

3. Return-Streamer Period—Constant- 
Charge Distribution 

During the period that the return streamer 
is neutralizing the charge on the channel, 
the analysis is based upon an assumed cur¬ 
rent of the form 

From 

i~qV 

and Figure 5c, the expression for velocity, V, 
may be evolved 


4. Return-Streamer Period—Constant- 
Streamer Velocity 

If one starts again from the assumed cur¬ 
rent wave, the expression for charge distri¬ 
bution may be evolved 

y=Vt 

Here the total channel length, L, must al- 


ways 

be infinite. 

Then 



/ 2 ydy 

Jv 
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dm 
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5. Part of Charge Concentrated 
at Top of Channel 


then 


y= fy dt 

J o 

y 2\“ 0 ® 0 / 


The total length, X, of the channel is this 
same integral carried to infinity. 



The moment is then from the definition 


The method of calculation of the three- 
quantities where the channel height arbi¬ 
trarily is chopped involves working through, 
a point of discontinuity. All the charge 
which has been considered to be on the 
channel above the point of chopping is as¬ 
sumed to be concentrated at that point. 
If L is the fully developed channel height, R 
is the chopped height, and constant- 
charge distribution is assumed, the charge 
which must be concentrated can be ex¬ 
pressed as 




Up until the time at which the return 
streamer reaches the height, H, the moment 
is 


oL 2 ay 2 

M = - -— 

2 2 

Substituting the values for L and y in 
terms of t 


M=- 


_P 


<r“_ ( e-^y 

\<* p) \ot P a p ) 

fowby differentiation 


(5) 




( 6 ) 


and 

d 2 M 
dt 2 


-f2(«- 2 “'+e- 2 ' 3 ')- 

2L 

e-H 


(7) 


M=jf qydy+Q c H' (11) 

After this time the moment varies directly 
as the current and 

( 12 ) 

where a and 0 are the constants from the 
assumed current expression. M f is a con¬ 
stant determined by letting M equal. 
Q C H and t equal the time at which the 
streamer reaches height H . 

After the discontinuity 


{'(-ae-^+pe-e’) 

dt 


(13) 


-— = M'{aH-V-p*e- at ) (14) 

dt 2 

With the assumption of constant velocity 
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where t is the time at which the discon¬ 
tinuity occurs. The moment till this time 
is then 

H 

qy dy+Q c H (15) 

After this time the equations for M, 
dM/dt and d 2 M/dt 2 are the same as given 
previously for the constant-charge distri¬ 
bution case. 

Each curve requires a smooth transition 
through the point of discontinuity. The 
best system is a careful sketching of a 
reasonable curve. 
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Staged Fault Tests of Relaying and Stability 
on Kansas—Nebraska 270-Mile 154-Kv 
Interconnection 


C. W. MINARD R. B. GOW 

NONMEMBER AIEE ASSOCIATE AIEE 

Synopsis: Results and conclusions are pre¬ 
sented from 22 staged fault tests made on 
a 154-kv transmission line and terminal 
systems to check the characteristics of new 
long-line relays, discussed in companion 
papers, 1 ' 2 which were designed to differen¬ 
tiate between faults and high power swings. 
Observed power swings and relay perform¬ 
ance are compared with theoretical aspects 
and predictions. Data on the transient- 
stability limit of the interconnection, to¬ 
gether with observations made during the 
tests, are also presented. Measured values 
of line constants and short- and open-circuit 
impedances are given, together with results 
of attenuation tests at carrier frequencies. 
Manner of initiating the faults, scheduling 
of power flows, and organizing personnel are 
briefly discussed. 

F ULL-SCALE faults under observed 
and recorded power-flow conditions 
were placed on the Kansas-Nebraska 
154-kv interconnection and on other lines 
near the terminals of this interconnec¬ 
tion to check operation of newly developed 
long-line-type carrier-controlled protec¬ 
tive relays, to observe interconnected 
system operation during fault conditions, 
and to establish approximate transient- 
stability limits. From the records of these 
tests, breaker operating times were stud¬ 
ied, performance of the new protective 
relays were examined, and necessary ad¬ 
justments were made in relays and control 
circuits to realize desired over-all operat¬ 
ing performance of interconnected sys¬ 
tems during both normal and transient 
conditions. Measurements of line con¬ 
stants and attenuation at carrier-current 
frequencies were also made. 

Description of Interconnection 

The Kansas-Nebraska 154-kv inter¬ 
connection includes 161/69-kv trans¬ 
formers and other terminal equipment of 
the Nebraska Power Company, the 154-kv 
transmission line, and 161/138-kv trans¬ 
formers and other terminal equipment of 
the Kansas Gas and Electric Company. 3 

The 154-kv line is 268.52 miles long 
without intermediate switching stations 
or taps. It is a single-circuit line of wood- 
pole H-frame construction with horizon- 


W. A. WOLFE E. A. SWANSON 

MEMBER AIEE NONMEMBER AIEE 

tal conductor spacing of 14 feet 6 inches 
and is one of the longest in the world. 
Ruling span is 600 feet. Since the ter¬ 
minal transformers are on the line side of 
the circuit breakers and are operated as 
part of the line, the electrical length is 
approximately 30 per cent greater than is 
indicated by its physical mileage. The 
conductor is 0.683 inch in diameter and is 
250,000 circular mils of hollow hard-drawn 
copper. It is supported on tangent struc¬ 
tures by ten ten-inch suspension insula¬ 
tors having 5 3 / 4 -inch spacing, and 15 in¬ 
sulators are used on grounded steel sup¬ 
ports and on dead ends. Two Vg-inch 
high-strength galvanized-steel overhead 
ground wires shield the line. These have 
vertical clearance above the power con¬ 
ductors of 12 feet at structures and approx¬ 
imately 20 feet at mid-span. A steel 
cross member supports overhead ground 
wires and connects these to both pole 
grounds at each structure. There are 
three complete transposition barrels in the 
line. 

The terminal facilities in Nebraska con¬ 
sist of a40,000-kva 161/69/13.8-kv three- 
winding transformer bank, three 5,000- 
kva shunt reactors each connected 
through circuit breaker to the tertiary 
winding of the transformers, and a 69-kv 
oil circuit breaker on the low-voltage side 
of the transformers for switching the inter¬ 
connection, together with the necessary 
controls and protective-relaying equip¬ 
ment. 

The terminal facilities in Kansas con¬ 
sist of a 45,000-kva 161/138/12.5-kv auto¬ 
transformer bank, three 5,000-kva shunt 
reactors, each connected through circuit 
breaker to the tertiary winding of the 
transformers, and a 138-kv oil circuit 
breaker on the low-voltage side of the 
transformers, together with the necessary 
controls and protective relaying equip¬ 
ment. 

The oil-circuit-breaker specification 
called for five-cycle clearing of faults and 
automatic reclosing within 20 cycles after 
the trip coil is energized. If one to two 
cycles are allowed for protective relay 
time, the interconnection should be re¬ 


energized from both ends in approxi¬ 
mately 22 cycles after the occurrence of a 
fault. 

To clear the terminal transformers in 
case of internal faults, differential relays 
are connected to trip open the correspond¬ 
ing terminal breaker on the low-voltage 
side of the faulted transformer bank and 
to close a spring-operated three-phase 
grounding switch which grounds the 154- 
kv line. It is then cleared from the op¬ 
posite end by action of the protective re¬ 
lays and terminal breaker. The ground 
switches are also used to ground the line 
when it is out of service for maintenance. 

This interconnection adds a substan¬ 
tial new section to what was already the 
largest interconnected power-transmis¬ 
sion system in the world which extends 
over 20 states, has a total generating ca¬ 
pacity of more than 12,000,000 kw, and is 
normally all operated in synchronism. 

The length and importance of the line 
and the dependence which will be placed 
on it for transmission of relatively Ipxge 
blocks of power created several unusual 
problems requiring solution. Of particu¬ 
lar importance were: determining the re¬ 
quirements of protective-relay system 


Paper 43-39, recommended by the AIEE com¬ 
mittees on power transmission and distribution, and 
protective devices for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 

November 25, 1942; made available for printing 
December 22,1942. 

C. W. Minard and E. A. Swanson are with the 
Nebraska Power Company, Omaha, Nebr., where 
Mr. Minard is chief engineer, and Mr. Swanson is 
substation engineer. W. A. Wolfb is relay engi¬ 
neer in the operating department of the Kansas Gas 
and Electric Company, Wichita, Kans., R. B. Gow, 
formerly electrical engineer with the same com¬ 
pany, is now an ensign in United States Naval 
Reserve, stationed at Fort Schuyler, Bronx, N. Y. 

The scope of the staged tests which affected oper¬ 
ating conditions and involved dispatchers, opera¬ 
tors, relay men, and engineers of five principal 
transmission systems in four states makes it im¬ 
practicable to give proper and complete credit to 
each of those who participated in the tests and 
made them successful. However, the authors par¬ 
ticularly acknowledge the help of H. E. Margrave 
who directed the application of faults and schedul¬ 
ing of power flows in Kansas and R. E. Phillips 
who supervised installation and testing of the long- 
line relays and control work, both of the Kansas 
Gas and Electric Company; I. H. McNeil and his 
assistants who installed terminal equipment and 
initiated the faults and Charles Turner and his 
assistants who scheduled power flows in Nebraska, 
both of the Nebraska Power Company; Ralph 
Kramer and staff of the Nebraska Public Power 
System; C. A. Streifus who supervised the fault 
tests and installation and testing of the long-line 
relays at the Nebraska terminal and F. C. Poage 
for his advice during the preparation of this paper, 
both of Ebasco Services, Inc. During the progress 
of the tests A. R. van C. Warrington and A. J. 
McConnell of the General Electric Company 
guided engineers in the operation of the oscillo¬ 
graphs and in the analysis of the oscillograms and 
gave valuable advice on adjusting relays and 
changing settings to obtain satisfactory perform¬ 
ance. The interest and co-operation of the operat¬ 
ing organizations of the Empire District Electric 
Company, the Oklahoma Gas and Electric Com¬ 
pany, and Nebraska Public Power System are also 
gratefully acknowledged. Their assistance in 
scheduling and controlling power flow over the 
interconnections contributed in a large measure to 
the successful consummation of the tests. 
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needed as analyzed in a companion paper, 1 
development of new long-line relays to 
meet these requirements as discussed in a 
second companion paper, 2 design of the 
controls which would include immediate 
reclosing of both terminal breakers to 


KANSAS END 

maintain synchronism following a tran¬ 
sient fault, and relaying to protect ter¬ 
minal transformers. 

Network-Analyzer Studies 

During preliminary studies of the inter¬ 
connection, a series of a-c network- 
analyzer studies was made to determine 
among other things the operating charac¬ 
teristics of the line and the best operating 
arrangements at terminals. These stud¬ 
ies indicated that the interconnection 
would have a transient-stability power 
limit between 25,000- and 35,000-lcw re¬ 
ceived power, depending upon operating 
conditions, type of fault and location, 
and breaker operating time. These stud¬ 
ies also showed it would have steady- 
state-stability power limit in excess of 
50,000 kw. 

The transient-stability limits deter¬ 
mined by these studies were based on six- 
cycle clearing of two-wire-to-ground faults 
at the sending end and 21-cycle reclosing 


of circuit breakers. Calculations made 
during these studies showed that although 
the tendency to reach instability is greatly 
influenced by breaker clearing and fault 
time, a much greater factor in determin- 
ing the transient-stability power limit is 

66 KV BUS 


the length of time the systems are sepa¬ 
rated during the open—close reclosing 
cycle of circuit-breaker operation. The 
transient-stability limit should be some¬ 
what greater for faults near the receiving 
end of the interconnection. 

Purpose and Scope of Tests 

Although the relay and control scheme 
had been explored thoroughly from a theo¬ 
retical standpoint, and factory tests, simu¬ 
lating field conditions, had been made on 
the new type of relays, it was desirable to 
test thoroughly the completed intercon¬ 
nection under actual system-operating 
conditions by application of staged faults, 
rather than to await the results of acci¬ 
dental faults during normal operations. 
Fourteen staged fault tests were made 
with zero power transfer over the line, 
and later eight were made with power 
transfers approaching the predicted tran¬ 
sient-stability power limits. 

These tests, made by placing faults de¬ 



Figure 2. Typical structure, 154-kv line 


liberately on the 154-kv line and on the 
terminal systems, had the following ob¬ 
jectives: 

(a). To check and assure proper operation 
of new long-line-type protective relays for 
faults occurring on both the 154-kv inter¬ 
connecting line and on the terminal systems. 

(5). To check ability of new long-line type 
of relays to differentiate properly between 
power swings on the interconnection and 
actual fault conditions. 

( c ). To check and assure proper operation 
of relays on the 60- and 132-kv systems in 
Kansas and on the 66-kv system in Nebraska 
for faults occurring on the 154-kv line. 


. 132 KV BUS 



Figure 1. One-line diagram of interconnection 


154 KV LINE 268.52 MILES 
250 000 CM COPPER 0.683" DIAMETER 
13.27* EQUIVALENT SPACING 


3-15 000 KVA 
AUTO TRANSFORMERS 


3-5 000 KVA 3<* 
SHUNT REACTORS 


3-13 333 KVA 
TRANSFORMERS 


3-5 000 KVA 3<t> 
SHUNT REACTORS 



LINE 

RELAYS| 
NEBRASKA END 


Table I. Schedule of Staged Two-Wire-to-Ground Fault Tests 


Kansas Nebraska 270-Mile 154-Kv Interconnection—Power-Flow Conditions 





Power Flow on Inter- 








.. - 





Fault Location 

connection at Time 
of Fault 

Relay and Breaker Time* (Cycles) 
Nebraska 

Relay and Breaker Time* 
(Cycles) Kansas 


•a 

fl 

M 
o ^ 


Test No. 

Line 

State 

Kw 

Received 

Trip 

Circuit 

Energized 

Breaker 

Interrupted 

Circuit 

Closing 

Circuit 

Energized 

Breaker 

Contacts 

Closed 

Trip 

Circuit 

Energized 

Breaker 

Interrupted 

Circuit 

Closing 

Circuit 

Energized 

Breaker 

Contacts 

Closed 

Net Time* 
Line Was 
Not Energizt 

Total Time* 
From Fault t 
Reclose Both 

Stability 

Condition 


1 . 

2 . 

3 . 

.154-kv. 

.154-kv. 

. 66-kv. 

. Nebraska.. 

. Nebraska... 
. Nebraska... 

,15,000. 
.30,000. . 
.28,000. . 

. Kansas 
. Kansas 
. Kansas 

. V* 

■ V* 

.... 6 V<.. 
... 672 .. 

. . .1072.. 

0 0 

.2174 

, 217 a 

...172. 

...272. 

. 674 ... . 672 .. 
. 772....774.. 

..2474.. 

..2472.. 

.1174.. 
.10 .. 

.2474.. 

.2472 • 

. Stable 
. . Stable 

34 . 

4 . 

4 A. 

4 B. 

5 . 

. 132-kv. 

. 154-kv. 
.154-kv. 

. 154-kv. 
.132-kv. 

. Kansas 

. Kansas 
. Kansas 
. Kansas 
.Kansas ... 

.29,000. . 

,35,000. . 
.26,000. . 
.31,000. . 
.34,000. . 

. Kansas 

. Nebraska. . . 

.Nebraska. . . 

. Nebraska.. . 
.Nebraska.. . 

. 4V2 
. 13*/**** 

. 472 

....10 .. 
...19 .. 

...10 .. 

.15 

.23 ... 

.14 ... 

.2674. 

.3472. 

.2574. 

.. . 1 . 
... 72. 
... 72. 

.10 . 

.6 .... 6 
. 57a....572.. 

6 ....57 2l . 

. 872. 

.. 23 

..22 .. 
..2272.. 

. 0 .. 

.13 

.3 .. 

. 1272 .. 

. 0 .. 

.2674... 

.3472.. 

.2574.. 

. Stable 
. . Stable 

, . Unstable** 

. . Unstable 
. . Stable 
. .Stable 


* Operating time is on 60-cyele basis. 

** The disturbance in the Kansas system resulting 
from this test, caused loss of synchronism between 


Kansas Gas and Electric Company and Oklahoma 
Gas and Electric Company. 

*** Contact bounce in ground-relay element de¬ 


layed cutting off carrier which caused pickup of RB 
carrier backup block-tripping relay with consequent 
slow trip out. 
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F,9Urc 3. Impedance circle diagram of inter¬ 
connection as “seen 1 * by relays at Kansas 
terminal together with characteristics of relay 
units 


*/*’ T ° che ck network-analyzer results 
from which transient-stability power limits 
tor the interconnection were predicted, and 
to establish more accurately the actual sta¬ 
bility limits in order that power flow over 
the line may be brought within these limits 
at the approach of storms. 

(*). To check instantaneous reclosure fea¬ 
tures of control circuits and terminal break- 
ers to observe operation of high-speed relays 
and to make oscillograms of their perform- 
ance. 

obtain information on intercon¬ 
nected system performance and operation 
during transient conditions helpful to power- 
Plant operators, system dispatchers'rday 
nien, and engineers. y 


Tabic 11 

Positive-sequence open-circuit 
impedance computed from 

tests - „ , „ ,- 

.. ohms 

Posune-sequence open-circuit 
impedance calculated.... 63s . 

Positive-sequence short-circuit'' ° hmS 

impedance computed from 
tests , . 

PosUive-sequeneV short-cimuit'' ~ ° 0hmS 

tope,iance calculated.... 250/71 7.0 . 

Characteristic impedance' ° hms 

conduct or-to-conduct or— 

computed from tests_ -fOU/sT^ >. 

Characteristic impedance b™ 

one-conductor-to-ground 
-computed from tests.... 550/0^« „> 

^dan« nCtSh0rt - circ “ it ™- ' ' 

—Pcdancecomputed from tests. .7t-./S9.2° ohms 


3(50 


In addition to the preceding fault tests, 
preliminary low-voltage tests and meas¬ 
urements were made on the 154-kv line 
with the following principal objectives: 

(а) . To obtain data from which line con¬ 
stants and unit values of resistance, react¬ 
ance and susceptance could be determined 
tor check against the values used in design 
and performance calculations. 

(б) . To obtain the zero-sequence im¬ 
pedance of the line. 

(c) . To measure the characteristic im¬ 
pedance conductor-to-conductor and con¬ 
ductor-to-ground. 

(d) . To check the relative phase rotation 

ch * e ei V S to ?, e ^connected and to 
heck the phase identification which had 
been followed throughout construction of the 
line and terminal substations. 

Results of Staged Fault Tests 

Group I 

Fourteen tests, designated as group I 
were made with the systems synchronized 
but with approximate zero power flow 
over the interconnection. 

These tests comprised:' 

in ) 'the T mTT ire ‘ t °' gr0Und faults P Ia <*d 

t^nalf' kV lme ’ ° ne — each the 

oJ ' , f° 1 '?. t / 0 ' wire - to -S rou nd faults placed 
tenSalf * ^ tW0 - the 

in fifif W0 7 - tW °' wire ’ to " ground faults placed 
^the hrtercon^So^ 6 ^ ebras f ca terminal 
ne two-wire-to-ground fault placed on a 


Minari, Gmv, Wolfe, S mm on-S,a g ei Poult 


Figure 4. Oscillograms from test 2 

Two-wire-to-ground fault on 1 54-kv line near 
Nebraska end with 30,000 kw received in 
Kansas 

Nebraska oscillograph records 
A 13.2-kv tertiary current 
B 154-kv /1-phase current 
C—154-kv fi-phase current 
0 -154-kv neutral current 
E 154-kv C-phase current 
F— 66-kv 5-C-phase potential 
^ 66-kv /4-5-phase potential 
H— Carrier receiver-relay current 
/—Carrier grid-control circuit of phase relays 
J— Carrier grid control 

^•-69-kv circuit-breaker trip and close circuits 
h—Trip circuit of COf-ohm and CGZ-mho 
units 

Kansas oscillograph records 
44 132-kv 5~C-phese potential 

n lr!'| V 01 ^- c f f cuit-breaker closing circuit 
U—■154-kv neutral current 

6—138-kv oil-circuit-breaker trip circuit 
Q 154-kv 6-phase current 
R —Carrier grid control 

ter minal ’^ ^ 19 mileS fr ° m the NeI)raska 

nnfinf W r tWO ' Wire " t0 ' ground faults Placed 

on 60-kv lines near the Kansas terminal. 

Jna tw ;°- wire - to -ground fault placed 
on a 132-kv line near the Kansas terminal. 

(/). Two three-phase faults, one on each 
en of the 154-kv interconnection. These 
auks were established by tripping closed 
the grounding switches to simulate the 
action of transformer differential relays. 

Both interconnection breakers success- 
ully cleared the faults and reclosed im¬ 
mediately in four of the six tests made 
under a and b above. In one of the un- 
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Table 111 



A 

B C 

D 

Calculated using data 
from source 1. 

.0.851/2.82°. 

. .213/74,56° ohms. .0.001334/90.86° mhos. 

. .0.851/2.82° 

Computed from test data. 

.0.851/2,99°., 

, .220/73.79° ohms.,0.001313/91.12° mhos.. 

.0.851/2.99° 


successful tests, one breaker tripped and 
reclosed several times in rapid succession 
as result of a sticking contact in a reclos¬ 
ing relay. In the second unsuccessful test, 
involving a two-wire-to-ground fault, one 
breaker, after successfully reclosing, was 
tripped out immediately by its ground 
backup relay of the induction disk type. 
The contacts of this relay had closed 
during the fault and did not reopen 
quickly enough. Increase in time-lever 
setting corrected this trouble. 

Neither of the interconnection break¬ 
ers opened for the six faults on other lines, 
c> d, e, giving evidence of properly polar¬ 
ized directional-relay elements and correct 
action of carrier-blocking equipment. 
Correct relay operation was obtained in 
the two tests with permanent three-phase 
faults under / but with reclosure features 
made inoperative. 

These tests with zero power flow on line 
gave proof of the performance of the oil 
circuit breakers and relay equipment at 
the two terminals, and they acquainted 
the operators and dispatchers with the 
system conditions during faults and laid 
the foundation for proceeding with group 
II tests. The tests also gave the men 
initiating the faults and terminal super¬ 
visors experience in co-ordinated pro¬ 
cedure and timing of fault application for 
the more important series of tests to be 
made under power-flow conditions. 

Several weeks elapsed between the tests 
of group I and group II. During this 
time and as result of analysis of test data, 


several changes were made in relay con¬ 
nections and settings, together with some 
modifications in contact circuits. 

Group II 

Eight tests were made with the systems 
synchronized and the 154-kv intercon¬ 
nection loaded. These are summarized 
conveniently in- Table I and footnotes. 
Figures 4 to 8 inclusive are sets of oscillo¬ 
grams taken during this group of tests. 

With the exception of tests 4 and 4 A, in 
which automatic reclosing of the inter¬ 
connection was not successful in holding 
the systems in synchronism, power swings 
observed throughout the interconnected 
systems during these tests were small and 
had little or no effect on operation. In 
fact these swings during the successful 
tests were described by operators as being 
less severe than those experienced when 
the systems were brought together by the 
automatic synchronizer operating at the 
maximum difference in frequency for 
which it is normally set to work. It was 
observed that, except in tests 4 and 4 A , 
normal load flows on the interconnections 
were re-established within four or five 
seconds after each fault. The graphic 


instrument charts reproduced in Figures 
9 and 10 record the power flow on this 
interconnection during this series of tests. 

Following the application of faults on 
the 154-kv line, the terminal breakers 
successfully cleared the fault and reclosed 
in every case where they were intended to 
do so. The same interconnection ter¬ 
minal breakers likewise remained closed 
in every test in which fault was applied to 
other lines near terminals of the inter¬ 
connection, indicating that satisfactory 
prevention of tripping was being realized 
and that the relays functioned properly 
for external faults under heavy power- 
flow conditions. 

Study of the test results revealed that 
the expected 21- or 22-cycle over-all time 
from fault to final reclosure of the last 
breaker was not being obtained. There 
was occurring a delay of two to four cycles 
in the relay action at the end of the line 
remote from the fault. This has been 
traced to the fact that contacts on ground 
relays were vibrating with minimum cur¬ 
rents through the coils for a fault at the 
opposite terminal. Also the tripping 
zones of the CGZ relays as set at that time 
did not extend far enough beyond the 


Figure 5. Oscillo¬ 
grams from test 4 

Two-wire-to-ground 
fault on 154-kv line 
near Kansas end with 
35/000 kw received 
in Nebraska. Un¬ 
stable. For oscillo¬ 
graph legend see 
Figure 4 
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terminals of the line, and one characteris¬ 
tic line of the Cl EX relays was too close 
to the fault zone. Consequently, these 
relay elements did not have torque enough 
to give the desired high-speed operation 
when operating so close to the edge of 
their pickup zone, a condition which has 
since been corrected by changes in tap 
settings. It should be noted that this 
could be done without, at the same time, 
influencing the ability of the relays to 
differentiate between faults and power 


Staging of the tests and the scheduling 
of rapid load changes between tests gave 
the system operators definite knowledge 
of the ability of the line to carry load and 
has increased their confidence in its reli¬ 
ability under fault conditions, enabling 
them to make maximum use of its capac¬ 
ity. The load dispatchers also gained 
valuable experience for future scheduling 
of power in the interconnected systems, 
not only during normal conditions, but 
also during emergency conditions when 


rapid changes in power flow and genera¬ 
tion necessarily will have to be made. 

Relating Test Results to Impedance 
Circle Diagrams 

In order to check adequately the relay 
operations during the tests, a continuous 
record of instantaneous power flow in the 
interconnection would be desirable to ob¬ 
tain both the magnitude and angle of the 
equivalent impedance as viewed from 



Figure 6. Oscillo¬ 
grams from test 4A 

Two-wi re-to-ground 
fault on 154-kv line 
near Kansas end with 
26,000 kw received 
in Nebraska. Un¬ 
stable. For oscillo¬ 
graph legend see 
Figure 4 


Figure 7 (below). 
Oscillograms from 
test 4 B 

Two-wire-to-ground 
fault on 154-kv line 
near Kansas end with 
31,000 kw received 
in Nebraska. For 
oscillograph legend 
see Figure 4 


swings, because higher torque was ob¬ 
tained by moving their pickup zones a 
comparatively small distance. 

The oscillograms of the tests demon¬ 
strated the need for improving contact per¬ 
formance of the ground relays in turning 
on and shutting off carrier. During and 
subsequent to the tests, certain adjust¬ 
ments were made on the contacts utiliz¬ 
ing information from oscillograms, and 
excellent operation was obtained. Figure 
11 indicates how positively the contacts 
as finally adjusted opened and closed to 
turn carrier on and off and how the relays 
were adjusted to realize short operating 
time of the carrier-relay control circuits. 

In all of these tests of group II the long- 
line protective-relay systems correctly 
selected the location of fault, blocked 
tripping on faults occurring outside the 
protected zone and tripped on all faults 
in the protected zone, although, as ex¬ 
plained above, some undesired delay oc¬ 
curred, which has since been corrected. 
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either end of the interconnection during 
the power swings. Since watt elements 
were not available for the oscillographs, 
instantaneous values of power were not 
recorded. However, the test oscillo¬ 
grams recorded the current and voltage 
from which the kilovolt-amperes and the 
magnitude, but not the direction, of the 
equivalent impedance can be calculated. 

Figure 12 shows the impedance circle 
diagram for this interconnection as de¬ 
rived in reference 1 together with the trip¬ 
ping zones between the characteristic lines 
of the CEX angle-impedance relay units 
as discussed in reference 2 . Voltage 
values from the oscillograms provide 
data to calculate the ratio of the sending 
and receiving voltages used to determine 
the circle corresponding to ratio E r /E s 
existing at a given time during a power 
swing. On this same diagram the locus 
of the equivalent impedance Z=E/I \/3 
existing at the same time is circle Z s . 

Point A at the intersection of these two 
circles indicates the equivalent impedance 
as determined by this method for the 
crest of the first power swing in test 2 as 
viewed by the Nebraska relays. Likewise 
point B indicates the equivalent imped¬ 
ance viewed at the same instant by the 
Kansas relays. These two points both 
fall outside the tripping zones of the re¬ 
lays, and this checks results of test 2 in 
which the breakers did not open following 
initial reclosure. The relays thus recog¬ 
nized the high power swing as such and 
did not trip. 

It should be noted that point A , the 


equivalent impedance at the sending end, 
falls closer to the boundary of the relay 
tripping zone than does point B , the equiv¬ 
alent impedance at the receiving end at 
the same instant. 

Points C and D are respectively the 
sending- and receiving-end impedances 
for tests 4 and 4 A at the instant of trip¬ 
out following initial reclosure. Point C 
falls within the tripping zone of the CEX 
relays, checking results of tests 4 and 4A 
in which the sending-end breaker was 
tripped by the CEX and CGZ phase re¬ 
lays, as the systems swung out of syn¬ 
chronism. Again it will be noted that the 
receiving-end impedance at point D falls 
farther from the tripping zone than does 
the sending-end impedance and thus 
confirms the fact that the Nebraska 
(receiving-end) breaker did not trip 
when the systems swung out of syn¬ 
chronism, because the Kansas (sending- 
end) breaker opened first. 

A check and confirmation of the equiva¬ 
lent impedances as determined by the 
method just described is also obtained 
from the oscillograms by use of the power 
circle diagram of the interconnection 
Figure 13. The circle \P S \ represents the 
locus of the kilovolt-amperes (E/v 3 ) ex¬ 
isting at the same time and location dur¬ 
ing test 2 as is represented by circle Z s 
in Figure 12 . The power circle P s is for 
the particular values of E s and E r exist¬ 
ing at the same time. Intersection of 
circle \P S \ with circle P s represents the 
power flow existing at that instant. The 
angle 8 rs on this diagram is the angle in 


Table IV 



Computed 




From 

From 

From 


Test Data 

Source 1 

Source 2 

Resistance 




(ohms per 
mile).. 

.0.254 at test. 

. 0.2335at, 

0,238 at 


tempera¬ 

ture 

20 C 

25 C 

Reactance 




(ohms per 
mile). 

. +7*0.823 

. +.70.8027. 

,. +.7*0.8032 

Susceptance 



Cmicromhos 
per mile). . . 

.+.7*5.14 

. +./S.22 . 

. +.75.22 


degrees by which the Kansas bus voltage 
leads the Nebraska bus voltage. Trans¬ 
ferring this angle, which is also the line- 
voltage angle, to the impedance circle 
diagram, Figure 12 , locates point a . This 
gives a close check on the location of the 
impedance calculated and plotted as point 
A discussed above. 

I 11 similar manner points b to d inclusive 
give reasonably close check to the respec¬ 
tive apparent impedances B to D in¬ 
clusive in Figure 12 . 

The preceding method of checking and 
other results of the staged fault tests 
showed that the terminal relays, specially 
designed for protecting the long trans¬ 
mission line, operated satisfactorily, per¬ 
formed according to specifications, and 
followed theoretical predictions which 
were based on transmission-line electrical 
constants calculated from line dimensions 
and on estimated transformer imped¬ 
ances. Thus a gratifying confirmation 
has been obtained of the impedance-circle- 
diagram method of specifying long-line re¬ 
lay performance of the analyses presented 
in reference 1 , and also of the design of the 
relays presented in reference 2 . 

Relating Test Results to 

Switching-Time Stability Curves 

Curve M-N of Figure 14 indicates the 
approximate border line between tran¬ 
sient stability and instability of this inter¬ 
connection, as affected by the relation be¬ 
tween power flow over the interconnection 
at instant of fault and the total switching 
time including reclosing time. The region 
below, and to the left of the curve indi¬ 
cates stability. The region above and to 
the right indicates instability. The theory 
of this curve and its significance have al¬ 
ready been presented before this In¬ 
stitute . 6 

The points A to D inclusive represent 
results obtained in the staged fault tests 
of group II. Points E to H inclusive are 
from network-analyzer studies made prior 
to the construction of the interconnection. 

It will be noted that the results of tests 
are in reasonably good agreement with 



. 



Figure 8. Oscillo¬ 
grams from test 5 

Two-wire-to-ground 
fault on 132-kv sys¬ 
tem in Kansas with 
34,000 kw received 
in Nebraska. For 
oscillograph legend 
see Figure 4 
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POWER AT KANSAS END REACTIVE AT NEBRASKA END POWER AT NEBRASKA END 

MEGAWATTS MEGAWATTS 



the theoretical values represented by the 
curve M-N and also with the values pre¬ 
dicted from the analyzer studies. 

Unbalanced Ground Currents 

The oscillograms in Figures 4 to 7 in¬ 
clusive show a comparatively high har¬ 
monic ground current flowing in the ter¬ 
tiary winding and in the 154-kv neutral 
when the interconnection is energized. 
from one end, as shown by traces A and D. 
Because of these harmonic currents, it was 
necessary to change the instantaneous 
elements of the ground directional relays 
over to the 154-kv neutral current trans¬ 
formers from their original connections in 
the tertiary current transformers. By 
careful study of ground currents in the 
tertiary and in the 154-kv neutral for 
ground faults both on the 154-kv inter¬ 
connection and on the terminal systems, a 
nice balance of minimum ground-fault 
currents, observed harmonic currents, and 
proper relay settings was obtained, as 
demonstrated by satisfactory operation of 
these relays during the staged fault tests. 

Interconnected Operation During 
Tests 

The tests directly involved co-ordinated 
operation of five important power sys¬ 
tems in four states, including operation of 
normal generation, providing spinning re¬ 
serve, and the operation of tie lines to 
absorb power swings following the appli¬ 
cations of the faults. The Nebraska 
Power Company system was intercon¬ 
nected as usual with the Nebraska Public 
Power System through a 25,000-leva trans¬ 
former bank, and the 60-kv system of the 
Kansas Gas and Electric Company was 
connected to the 66-kv system of the 
Oklahoma Gas and Electric Company and 
thus to the interconnected systems of the 
South through a 10,000-kva autotrans¬ 
former. The Kansas system was also 
interconnected with the Empire District 
Electric Company through a 66-kv line. 
Except in test 4, these interconnections 
remained closed during the tests demon¬ 
strating their value and performance in 
major system disturbances. 

About ten days before group II tests 
were made, a meeting was held, attended 
by system operators and operating de¬ 
partment heads of the systems most 
directly involved. At this meeting the 
test program and basic schedules for tie¬ 
line and,generator loadings were placed 
in memorandum form and mutually ap¬ 
proved. Each system operator, following 
the memorandum outline, undertook the 
detailed scheduling of generation and rate 


Figure 9. Charts of power flow on 154-kv 
interconnection during tests 1 to 4, inclusive 

of change of load on generators within 
his own system and, by mutual agreement 
with operators of neighboring systems, 
scheduled the power flows in the tie lines 
and the necessary changes in these loads 
for each of the tests. 

To facilitate the progress of the tests, 
two supervisors, one stationed at each 
terminal of the 154-kv line, were in direct 
charge of the tests. These men were in 
constant communication with each other 
and with the system operators of the 
Kansas and Nebraska systems, who in 
turn were in communication with the 
operators of neighboring systems. In ef¬ 
fect the system operating authority for 
the interconnection was transferred tem¬ 
porarily to the two terminals of the inter¬ 
connections with the responsibility of 
proper and safe maneuvering of men and 
equipment definitely placed in the hands 
of the two supervisors. In this manner no 
reduction in safety was introduced, but a 
saving in time was realized. These two 
supervisors directed the principal work of 
posting observers, checked oscillograph 


operation, collected and made records of 
observations, supervised rigging of fault 
equipment, gave signals for initiating 
faults, and, in general, mutually co-ordi¬ 
nated the work of system operators and 
test men at their respective ends of the 
interconnection. 

Types of Faults and Their 
Initiation 

Most of the faults applied to the 154-kv 
line and to lines radiating from the ter¬ 
minal substations were two-wire-to- 
ground arcing faults. This type of fault 
was chosen, because it imposes a compara¬ 
tively severe test on the systems from the 
standpoint of transient stability and is 
also a type of fault which occasionally oc¬ 
curs. Since most faults of this type are 
initiated by lightning, followed by power 
current, it was desirable to simulate arc¬ 
ing-fault conditions created by lightning 
as nearly as practicable during the tests. 

Unpublished results of experiments 
cited by General Electric Company engi¬ 
neers indicate that an arc started by fus¬ 
ing fine iron wire has characteristics quite 
similar to an arc initiated by ionization of 
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Figure 10. Charts of power flaw on 154-kv 
interconnection during tests 4A to 5, inclusive 

air at high potential. Since it was de¬ 
sirable to keep to a minimum the amount 
of vaporized metal and to provide suffi¬ 
cient mechanical strength to maintain the 
fault equipment in place during the inter¬ 
val between rigging and fault occurrence, 
number 32 iron wire was used between 
protective jumpers connected to the con¬ 
ductors and ground wires on the struc¬ 
tures. 

Additional switching equipment by 
which staged faults could be initiated was 
not available on the 154-kv line. Conse¬ 
quently, the arrangements of iron wire, 


Figure 11. Oscillo¬ 
gram of carrier-cur- 
rent control circuit 
contact operation 

Note the "step" 
which indicates se¬ 
quential operation of 
the directional and 
overcurrent contacts 
of the GFC ground 
relay 


insulated cords and ropes, and weights 
shown in Figures 15 and 16 were devised 
to initiate an arc simulating those started 
under actual fault conditions. This equip¬ 
ment was installed during shutdowns pre¬ 
ceding the tests. After all of it was in 
place, the line was re-energized, the sys¬ 
tems were synchronized, line power flow 
and voltages were adjusted, oscillographs 
and instruments were placed in readiness, 
and observers were stationed at their re¬ 
spective stations. At prearranged signals 



Figure 12. Impedance circle diagram with 
relay operating zones 

Impedance values reached during power 
swings on tests, as computed from oscillo¬ 
grams, are shown at Aa, Bb , Cc, and Dd 


which were given by the supervisors and 
which were also transmitted over the regu¬ 
lar carrier-current telephone to the op¬ 
posite end of the line, the fault was estab¬ 
lished by a man pulling on a long rope ex¬ 
tended to a safe distance from the arc 
location. It should be noted that, out of 
the nine two-wire-to-ground faults applied 
to the 154-kv line by this method, exami¬ 
nation of the oscillograms reveals that, 
in eight cases, arcs were made to the two 
wires within less than 2 cycles of each 
other and, in one case, within 4 l /2 cycles. 

Two one-wire-to-ground faults were also 
applied to the line by these methods, 
making a total of 20 arc paths estab¬ 
lished in 11 tests. In each of these the 
initial trip-out was followed by successful 
instantaneous automatic reclosure. No 
restriking took place in any of these 
cases, although the line was de-energized 
for a maximum period of only 13 cycles 
in test 4 and for as short a time as three 
cycles in test 4A . Deionization was com¬ 
plete in each case, although wind veloci¬ 
ties were very low and there was almost 
no attenuation of the arc path. In Ne- 



Figure 13. Power- 
circle diagram illus¬ 
trating step in com¬ 
putation of angle be¬ 
tween terminal bus 
voltages, 5 rs , for lo¬ 
cation of impedance 
values, a, b, c, and d 
on Figure 12 
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Figure 14. Power-switching time curve of ap¬ 
proximate transient-stability limits 

Points A, Bj C, and D are from staged fault 
tests, and E, F, G, and H are from network- 
analyzer studies 


braska the wind velocity during both 
series of tests was estimated to be from 
one to two miles per hour, and in a few 
of the tests the air was perfectly still. In 
Kansas there was a slight breeze during 
most of the tests, and in test 4A in which 
the line was de-energized for only three 
cycles, the wind velocity was two to five 
miles per hour. 

Most of the arcs observed in Nebraska 
had the appearance of a round white flame 
approximately two feet in diameter as 
shown in Figure 17. Figure 18 shows a 
staged two-wire-to-ground fault in Kansas 
m which a slight breeze blew the arc side¬ 
ways. 

For faults applied on the 60-kv, 66-kv, 
and 132-kv systems near the terminals of 
the interconnection, circuit breakers on 
isolated radial circuits were closed on pre¬ 
viously prepared fault circuits, and the re¬ 
sulting faults were cleared immediately 
by the same breaker and its protective 



Figure 15. Method of applying two-wire-to- 
gr und arcing fault at tangent structure on 
154-kv line 


Figure 16. Method 
of applying two- 
wire-to-ground arc¬ 
ing fault at angle 
structure on 154-kv 
line 



relays. These fault circuits consisted of 
either fine wire connected between two 
conductors and ground or of a ground 
switch with one of the blades open. 

Methods of Observation 

Power plant, substation, and system 
operators, and special observers assisting 
regular operators were notified when each 
fault was to occur. Each was expected to 
record any observable effects at his sta¬ 
tion. At each terminal the action of each 
relay element on the faulted phases was 
watched and recorded by an observer 
whose sole duty at the moment of fault 
initiation was to watch only one element 
of one relay. These observations were 
recorded after each test. 

Some discrepancies were noted between 
the observers’ reports of action of some of 
the high-speed relay elements and action 
recorded by oscillographs and targets. 
These experiences demonstrated the im¬ 
portance of high-speed recorders, such as 
oscillographs, in tests of this character 
and the limitations of visual observation 
of high-speed relay action. 

During the 14 tests of group I with no 
power transfer over the line, one six-ele¬ 
ment automatic oscillograph was in opera¬ 
tion at each of the terminals, making a 
total of 12 elements connected to prin¬ 
cipal current, voltage, and control cir¬ 
cuits. During the eight tests of group II 
with power transfer over the line, a second 
oscillograph was in operation at the Ne¬ 
braska terminal, giving a total of 18 ele¬ 
ments connected to principal current, 
voltage, control, and carrier-current cir¬ 
cuits. 

Low-Voltage Measurements of 
Line Characteristics 

Measurements of the electrical con¬ 
stants of the line were made by applying 
potential from 2,400/4,160-volt wye-con¬ 


nected 60-cycle source supplied from 150- 
kva 13,800-2,400/4,160-volt wye-con¬ 
nected transformer bank in Nebraska 
with the conductors at the Kansas end 
appropriately connected for various short- 
and open-circuit tests. Portable amme¬ 
ters, voltmeters, and wattmeters of good 
quality and recent calibration were used 
with outdoor instrument-type current and 
potential transformers. 

Exact long-line formulas were used in 
calculating the line constants and unit 
values. It is believed that the results are 
accurate within plus or minus one per 
cent. Summarized in Table II are the 
pertinent values computed from these 
tests compared with values calculated 
from the line dimensions. 

Data in Table III compare calculated 
values of the A, B, C, D constants with 
those computed from data taken during 
the 2,400/4,160-volt tests. Table IV gives 
a comparison between unit values per 
mile of resistance, inductive reactance,, 
and susceptance computed from the test 

Tabic V 


Test 


A Voltage rise—1.18. .Three-phase voltage ap¬ 
plied. Conductors open, 
at far end 

B Current rise—1.2 ..Three-phase voltage ap¬ 
plied to three conduc¬ 
tors short-circuited and 
grounded at far end 

C Voltage rise—1.36. . vSingle-phase-to-ground 
voltage applied to three- 
conductors paralleled 
at both ends but not 
grounded at far end 

D Current rise—1.4 ..Single-phase-to-ground 
voltage applied to three 
conductors paralleled 
and grounded at far 
end 

E _ Voltage rise—1.26. .Single-phase-to-ground 
voltage applied to one 
conductor with far end 
open. Other conduc¬ 
tors open at both ends 

F Current rise—1.34. .Single-phase-to-ground 
voltage applied to one 
conductor with far end 
grounded. Other con¬ 
ductors open at both 
ends 
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Figure 17. Staged two-wiie-to-ground fault 
on tangent structure of 1 54-kv line U] 


data and as obtained from two sources. 
Ratios of receiving to sending voltages 
and currents of interest are given in Table 
V. If data from two of the tests in Table 
V are used, the ratio of the zero-sequence 
short-circuit impedance to the positive- 
sequence short-circuit impedance is 2.88. 

All of the measurements include the 
impedance of carrier-current wave traps 
at both ends of the line which were in 
service as part of the communication sys¬ 
tem used throughout the tests. The 60- 
cvcle impedance of about 0.2 ohm of the 
traps was considered too small to be in¬ 
cluded in the calculations. Since sag and 
tension add only about one half of one 
per cent to the actual length of the con¬ 
ductors over surveyed line length, this 
factor was not taken into consideration. 

Atmospheric temperature during the 
five or six hours of testing varied between 
75 to 90 degrees Fahrenheit with perhaps 
85 degrees Fahrenheit as an average value. 

With no potential applied, there was 
no ndication of induced voltage on the 
line when measured by potential trans¬ 
formers and voltmeters. During the at¬ 
tenuation tests at carrier frequencies made 
at a later date, a two- or three-volt po¬ 
tential was observed between conductor A 
and ground using a vacuum-tube volt¬ 
meter shunted by 550-ohm resistor, in¬ 
dicating that any induced voltage effects 
were small. During one test in which 
2,400 volts to ground were applied to the 


A conductor only, the potential between 
conductors B and C and ground measured 
at far end was 300 volts. As indicated by 
the values of data taken, there is no ap¬ 
preciable unbalance of reactance among 
the three conductors. Three impedance 
values of 257.5, 257.5, and 258 ohms line- 
to-neutral were computed, using the three- 
phase values taken during one test. 

The phase rotation at the two ends was 
compared by using a phase-sequence in¬ 
strument and was found to check the 
transposition plan. This was further con¬ 
firmed-when the systems were synchro¬ 
nized for the first time. 

Carrier-Current Attenuation Tests 

The A phase conductor was completely 
isolated from the carrier-current capaci¬ 
tors and line traps and from all other con¬ 
nections to the systems. In Kansas be¬ 
tween A phase conductor and ground a 
550-ohm resistance was connected, corre¬ 
sponding to the 550 ohms characteristic 
impedance for one conductor to ground as 
computed from the 2,400-volt tests. 
Across this resistor was connected a vac¬ 
uum-tube voltmeter having a range of 
zero to ten volts. 

The oscillator of the carrier-current 
relay set in Nebraska was connected to the 
A phase conductor through the concentric 
cable and impedance-matching trans¬ 
former. The carrier coupling capacitor 
and tuning inductance of the carrier- 
current coupling equipment were dis¬ 
connected and by-passed. A voltage 
divider of approximately 100,000 ohms 
resistance was connected between A phase 
conductor and ground to measure the in¬ 
put voltage to the line at carrier frequency. 
A calibrated vacuum-tube voltmeter was 
connected to a measured tap on this di¬ 
vider. The carrier-relay oscillator was 
tuned to a known frequency by compari¬ 
son with a calibrated signal generator. 
The voltages at the sending and receiving 
ends were measured by means of the vac¬ 
uum-tube voltmeters. This procedure 
was followed at steps of five kilocycles 
from 35 to about 59 kilocycles. 

The tests indicated ratios of receiving- 
to sending-end voltage between 0.064 and 
0.086 in the range of frequencies covered. 
During the measurements at the Kansas 
end, it was observed that the vacuum- 
tube-voltmeter reading would drift peri¬ 
odically through a range of about one 



Figure 18. Staged two-wire-to-ground fault 
on angle structure of 154-kv line 


volt above and below its mean value, 
each cycle of drift requiring several sec¬ 
onds of Fine, indicating that there was a 
periodic change of potential on the line as 
a result, possibly, of the movement of the 
earth’s magnetic field or the presence of 
stray voltages. The send : ng-end voltage 
was on the order of 105 to 112 vo'ts and 
receiving-end voltage five to seven or eight 
to ten depending on frequency and on the 
induced-voltage effects. 
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Kilowatts, Kilovars, and 
System Investments 


Discussion and author’s closure of paper 43-25 
by J. W. Butler, presented at the AIEE national 
technical meeting, New York, N. Y., January 
25-29,1943, and published in AIEE TRANS¬ 
ACTIONS, 1943, March section, pages 
133-7. 


E. E. George (Southwest Power Pool, Little 
Rock, Ark.): This paper contains much 
interesting and useful material on the use of 
capacitors in improving system operation, 
but the economic comparisons involving the 
cost of generating equipment are based upon 
so many incorrect assumptions as to be al¬ 
most useless. 

It is known, of course, that reactive kilo¬ 
volt amperes supplied at the load may be 
twice as effective as reactive kilovolt 
amperes supplied at a generating source 
particularly in the case of transmission sys- 
terns. 

The only generating-equipment cost prop¬ 
erly chargeable to the supply of reactive 
kilovolt amperes is the incremental cost of a 
low-power-factor generator over a high- 
power generator. This cost runs from one 
to three dollars per kilovar. 

■Even if multiplied by two, the cost of 
supplying kilovars in a low-power-factor 
generator (when purchasing new equipment) 
is materially less than for synchronous 
condensers or for static capacitors. 


REMOTE 
GENERATION 
, (e) 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): Mr. Butler has pre¬ 
sented a method by which the amount of 
system investment chargeable to supplying 
the kilovar requirement may be determined. 
He has approached the problem from a 
fundamental point of view, determining the 
amount of system capacity required when, 
(1) voltage drop, (2) ampere capacity, and 
W generator equipment, are the limiting 
factors and then combining them in their 
proportionate amount to obtain an over¬ 
all requirement for the system. To illus¬ 
trate the method, Mr. Butler has assumed 
0 .8-power-factor generators that could be 
operated at unity power factor rated kilo¬ 
volt amperes at peak system loads. If this 
>s possible in a system, a large saving in 
system capacity can be realized by supply¬ 
ing the kilovars at the load instead of at the 
generators. It would be unfortunate if his 
example were to lead engineers to believe 
that they should attempt to supply all of 
the reactive kilovolt amperes at the load 
and that they could use the full kilovolt¬ 
ampere rating of the generators right up to 
unity power factor . Pursuing this course 
still further, one might be led to believe that 
the generating stations should be designed 
to operate at unity power factor full kilovolt 
amperes. Although Mr. Butler did not 
intend that his results should be extra¬ 
polated to this extent, some discussion may 
be in order as to why such a procedure can¬ 
not be generally followed. 

For purposes of economy the average 
transmission-line loadings of a system will be 
operated somewhere near unity power fac¬ 
tor. For the system of Figure 1 of this dis- 
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cuss ion this will require the correction of the 
load power factor at the receiving end of 
the transmission system and would be ac¬ 
complished by the combined use of 

(a) . Unswitched shunt capacitors. 

(b) . Switched shunt capacitors. 

(c) . Synchronous condenser capacity. 

(d) . Local generating capacity. 


The determination of the best amount of 
each will depend upon the system charac¬ 
teristics and will naturally be based on 
economics and operation. It has been well 
established that the use of capacitors in the 
distribution area is economical. 

At peak load within the distribution area 
(see Figure 1), the required transmitted 
load may increase, and kilovars will have to 
be supplied both at the sending and re¬ 
ceiving ends of the line for the transmission 
of power; that is, (c) and (d) will be re¬ 
quired to carry more reactive kilovolt 
amperes and so will (e), the group of gen¬ 
erators at the sending end of the line. 

If a fault should occur to trip out one of 
the parallel transmission lines, then the re¬ 
quired reactive kilovolt amperes at both 
ends would be increased, particularly if the 
outage occurred at peak system loading. 
Accordingly, there must exist a reserve 
capacity of reactive kilovolt amperes both 
at the sending end and the receiving end of 
the major transmission links to provide for 
peak and emergency loading conditions. 
For a system which has a large proportion of 
transmission compared with the distribution 
this reserve kilovar capacity may be an 
appreciable part of the total reactive kilo¬ 
volt-ampere requirement of the system. 
This is particularly true when the transmis¬ 
sion system is used to transmit power in both 
directions. For such systems the generator 
power factor must be lower necessarily than 
unity at peak power and particularly during 
a system emergency. This reserve kilovar 
capacity for a system having an appreciable 
amount of transmission can be best sup¬ 
plied by synchronous condensers and gen¬ 
erators. 

It can be further reasoned that if a system 
requires synchronous kilovar capacity to 
meet the varying transmission-line needs, 
some of this capacity could be reasonably 
allocated to correcting the load power fac¬ 
tor, since lagging capacity and smooth con¬ 
trol of voltage are necessary for best opera¬ 
tion of the transmission system. Also use 
of the diversity of kilovar demand in the 
distribution-system burden may be made 
best at the synchronous condenser location, 
Figure 1 of this discussion. Accordingly, 
systems which have large and important 

Discussions 


transmission-line links may have an ap¬ 
preciable amount of synchronous condenser 
and generator capacity devoted to the 
supply of kilovars. 

It may be concluded that the shunt ca¬ 
pacitor finds its greatest field of application 
in the distribution area for correcting the 
power factor of this part of the system 
while the varying needs of the transmission 
system require at the present time syn¬ 
chronous kilovar capacity. With reduction 
in the cost of shunt capacitors, it will 
naturally follow that more switched capaci¬ 
tors will be used to help meet the varying 
kilovar system demand. The amount which 
can be justifiably used is again a question of 
economics and operation. The evaluation 
of the amount of system capacity required 
for the transmission of kilovars to the load 
must necessarily recognize the system re¬ 
quirement for reserve kilovar capacity, and 
recognize that this reserve may be best 
stored in the synchronous machines. ' 

W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The author makes a strong case for the wide¬ 
spread use of static capacitors in conserving 
system investment. Unquestionably there 
is an urgent need for focusing attention on 
the over-all system kilovar requirements and 
the most feasible method of supplying them. 
The writer agrees that in some cases the 
installation of sources of kilovar capacity 
near the loads, such as synchronous con¬ 
densers or the judicious use of static capaci¬ 
tors may quite likely be indicated. How¬ 
ever, certain cautions are offered with the 
hope that they may be of use in keeping the 
conclusions reached within the realm of 
credibility. 

The cost of equipment covered by the 
term "generation” is one of the larger items 
considered in system-investment analysis 
and if the conclusions of the author are 
followed a new plant could have the size of 
its boilers reduced by the installation of 
distribution capacitors. His viewpoint 
would also show a very attractive profit for 
the installation of banks of static capacitors 
at the generator terminals large enough to 
improve the generator power factor to unity. 

While it is true that many generators are 
now being operated at power factors higher 
than their purchased rating they still may 
be used to carry sizable kilovar loads. In 
the example cited by the author (see refer¬ 
ence 1 of the paper) most of the machines 
which had their kilowatt outputs increased 
by operating at higher power factors are 
still being used at 90 per cent power factor, 
so that, for example, the 90,000-kw genera¬ 
tor can still supply some 44,000 kilovars 
without exceeding rated stator current. 
Tests on recent machines with name-plate 
ratings of 80 per cent power factor have 
Shown that continuous kilowatt loads equal 
to the kilovolt-ampere rating may be carried 
with kilovar loads of about half this amount 
without exceeding rated field amperes and 
with such small increase in stator losses (at 
theoretical stator overload) that the tem- 
peratuie rise is well within desirable limits. 

It has been found that the kilovar ability 
of a machine so operating may be further 
increased some 25 per cent by the addition 
of higher pressure hydrogen cooling at a cost 
of roughly one dollar per kilovar. Thus, as 
far as generating equipment is concerned, 
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the cost of incremental kilovars varies 
widely with the base operating power factor. 
In any event, the cost of the entire produc¬ 
tion plant should not be charged against 
kilovar capacity which originates solely 
within the generator, this equipment being 
a small portion of the total plant cost. 

Care must be taken to discriminate be¬ 
tween power factor at the load and at the 
generator terminals. In a typical system 
studied, the effect of "kilovar loss” combined 
with transformer magnetizing current was 
such (even after taking account of the con¬ 
stant kilovar capacity provided by trans¬ 
mission-line charging current) that a peak¬ 
load power factor at the points of delivery 
between the transmission and subtransmis¬ 
sion systems of 90 per cent required a power 
factor at the generator terminals of 82 per 
cent Analysis of kilovar requirements at 
peak load indicates that magnetizing cur¬ 
rent and "kilovar loss” in the generator 
step-up transformer may amount to 15 to 
20 per cent of the generated kilowatts. 
"Kilovar loss” in the transmission lines may 
account for another 15 per cent which, to¬ 
gether with the "kilovar loss” and magnetiz¬ 
ing current of the transformers delivering 
power to the subtransmission system, makes 
a sizable amount of kilovar capacity which 
may be very logically supplied from the 
generators. 

In discussing the improvements brought 
about by capacitors, voltage drop must not 
be loosely confused with voltage regulation 
and voltage control. The author very cor¬ 
rectly points out that rates which encourage 
customers to install kilovar capacity may 
take the control of such capacity out of the 
hands of the utility where it really belongs 
for the best interests of all concerned. Then 
for consistency, only those capacitor instal¬ 
lations which are adequately switched 
should be considered as reducing the invest¬ 
ment in equipment where "voltage drop” 
is taken as the limit. 

Some of the investment considered by the 
author as limited by "voltage drop” may not 
be justified. Following the reasoning of the 
author, the increase in size of an overhead 
transmission conductor (which decreases the 
R/X ratio) is done for the purpose of re¬ 
ducing that portion of the voltage drop in 
the line caused by the flow of kilowatts. 
Actually the larger size copper may have 
been specified to reduce losses so that even 
the transmission line may be considered as 
"ampere-limited” equipment. Here again, 
the cost of transmitting incremental kilovars 
is markedly influenced by the beginning 
power factor. Also, several items of trans¬ 
mission-line expense could not be materially 
reduced by improving transmission power 
factor, and similarly, much equipment in the 
transmission and distribution plant such as 
circuit breakers, lightning arresters, busses, 
disconnecting switches, and so forth, are 
little affected in cost by moderate changes 
in ampere or voltage requirements. These 
should not be included in the total invest¬ 
ment considered. 

While the transmission of kilovar loads 
affects voltage drop directly, this cannot 
necessarily be translated directly into terms 
of transmission and distribution system in¬ 
vestment. For example, it is commonly 
found desirable to supply distribution loads 
from trunk feeders of number 4/0 copper or 
larger and to utilize feeder voltage regulators 
to compensate for changing kilovar loads. 


thus the distribution-feeder limit becomes 
one of amperes rather than voltage drop. 
Similarly, daily schedules of negative regu¬ 
lation at generator terminals may be uti¬ 
lized to compensate for changing kilovar 
loads carried through the transmission sys¬ 
tem. In this connection, the possible use of 
tap changing underload equipment should 
not be ignored. 

With an exercise of caution in interpreting 
the conclusions reached, this paper should 
assist in determining the best basis for sound 
engineering studies. It is believed that it 
does a distinct service in focusing attention 
on the desirability of separate analysis of 
system kilowatt and kilovar requirements. 


J. H. Foote (The Commonwealth and 
Southern Corporation, Jackson, Mich.)- Mr. 
Butler’s paper, "Kilowatts, Kilovars and 
System Investments,” gives the unfortunate 
impression that the plant investments of 
power-supply companies could have been 
greatly reduced in the past if greater use had 
been made of capacitors. It is also implied 
that since generating plants have short-time 
or emergency capabilities of 125 per cent 
nominal rating, they could be scheduled 
regularly to be operated at these over¬ 
loads, thus releasing kilowatt ability if 
capacitors were used. A more intimate 
knowledge of design and operation of 
power systems would show that this mar¬ 
gin is essential for satisfactory and reliable 
operation, especially under normal condi¬ 
tions. Normal fluctuations in load and 
spinning reserve requirements make it 
necessary that the turbine and steam-gen¬ 
erating equipment be capable of carrying 
short-time loads in excess of their continuous 
ratings. For a co-ordinated plant design 
the 125 per cent rating referred to by the 
author should not be considered a continuous 
rating and therefore should not be taken as 
limiting the kilovars available from the 
generator to a negligible amount. 

In the normal development of a power- 
supply system it is always necessary to pro¬ 
vide some duplication of facilities in order to 
obtain satisfactory reliability of service. It 
has been possible therefore to supply 
substantial quantities of kilovars from 
generating plants without excessive volt¬ 
age drop or energy losses, and under emer¬ 
gency conditions with lines or equipment 
out of service, the quality of service 
has been commercially satisfactory. In 
some cases a careful study may show the 
desirability of supplying more of the kilovars 
at points nearer the load than the original 
design contemplated; however, the applica¬ 
tion of capacitors for this purpose is limited 
to a small fraction of that which might be 
inferred from the author’s conclusions. 


B. M. Jones (Duquesne Light Company, 
Pittsburgh, Pa.): The power factor of the 
Duquesne Light load in Pittsburgh is about 
87 per cent, and further improvement will 
have to be handled rather carefully because 
we now operate some of our generators above 
90 per cent power factor at times, and the 
matter of generator stability may become a 
problem. I would like to echo a word of 
caution on this. 

The point of letting the installation of the 
condensers and corrective equipment, par¬ 
ticularly the smaller ones, get out of the con¬ 


trol of the utility company struck me as 
very important. One certainly is heading 
for trouble when this happens, as the one or 
two instances I will cite herein will show, 
and these can be multiplied many times if 
the condenser installation becomes the rule 
rather than the exception on a utility sys¬ 
tem. 

In connection with the installation of 
smaller size capacitor units adjacent to in¬ 
dustrial loads, we have encountered several 
adverse conditions, such as introducing a 
harmonic under light load periods, which 
causes the fuses to blow. In one case fuses 
were blowing in a small industrial plant 
supplied from the four-kilovolt system 
through a bank. This happened after the 
plant shut down at noon on Saturday as the 
workmen shut off motor after motor and 
turned off the lights. After the main supply 
fuses would blow, the whole plant would be 
out. We made an investigation with an 
oscillograph and instruments, and found a 
fifth harmonic, very distinct, which was 
causing the fuses to blow. This was solved 
by disconnecting one half of the condenser 
bank just before light load periods. 

In other cases we have found that the con¬ 
densers on the customer’s property have in¬ 
creased the voltage at light load periods to 
values which caused excessive lamp burn¬ 
outs. 


E. J. Boland (General Electric Company, 
West Lynn, Mass.): While this paper con¬ 
cerns itself principally with system eco¬ 
nomics and how the required electric serv¬ 
ices (active and reactive) can be provided in 
the most efficient manner, in the final analy¬ 
sis the utility-meter engineers and the meter 
manufacturers may also be concerned. 

The benefits from released capacity, re¬ 
duced losses and reduced voltage drops 
within a power customer’s distribution sys¬ 
tems should often be sufficient to encourage 
the installation of capacitors. However, for 
some years to come it is not improbable that 
the meter manufacturers may be called 
upon to provide metering equipment by 
means of which the cost of the reactive re¬ 
quirements can be factored into a particular 
schedule. 

When analyzing the general requirements 
for such metering equipment certain prob¬ 
lems become apparent. They are not those 
of providing measuring devices as such. 
Kilovolt-ampere and kilovar-demand meters 
have been available, and have been used for 
many years. Rather, one of the problems 
seems to be a matter of first cost and 
maintenance in relation to the expected 
revenue return associated with the factoring 
of small consumers’ reactive requirements. 
The relatively few consumers in the medium 
and large power-requirement classes prob¬ 
ably need not be considered. For these, it 
is reasonable to assume that indicating 
kilovar-demand meters will be adequate. 
Their first cost and maintenance in com¬ 
parison with printing or recording kilowatt- 
demand meters should be reasonably in 
line with the revenue returns, based on pres¬ 
ent day metering standards. 

Present indications are that by far the 
major part of the total cost associated with 
the necessity of providing kilovars must be 
allocated against smaller consumers. Nu¬ 
merically, they may comprise more than 90 
per cent of all consumers on a system. Thus. 
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proportionate allocations of the cost from 
kilovar requirements would point in the 
direction of attempting to factor it in the 
schedule applicable to these smaller con¬ 
sumers. This will present problems. It is 
quite evident from Mr. Butler’s paper that 
the cost for kilovar-demand metering must 
be a good deal smaller than for kilowatt- 
demand metering. From a design stand¬ 
point, there is now little reason to believe 
that this can be achieved. If anything, the 
kilovar-demand meter is more costly to 
provide than the kilowatt-demand meter. 

There is, however, one solution; namely, 
the so-called active-reactive demand meter, 
first discussed some 30 years ago by Arno 
and revived spasmodically since then; (for 
example, Charles P. Steinmetz, Association 
of Edison Illuminating Companies, Report 
of Committee on Power Factor, 1921). The 
advantage of the active-reactive demand 
meter is that it can be produced at sub¬ 
stantially the same cost as present kilowatt- 
demand meters. In operation, it functions 
to add arithmetically to the kilowatt de¬ 
mand a predetermined percentage of the 
kilovar demand; that is, the indication of 
the device is kilowatts plus c (kilovars) where 
c is the predetermined ratio of the unit 
kilovar to kilowatt charges. 

It is not suggested that the active-reactive 
demand meter is the ultimate solution to the 
problem; it is referred to simply because it 
is a measuring device already available (and 
used extensively by at least one utility), and 
because it fundamentally falls in line with 
the basic considerations that the metering 
cost of factoring the reactive requirements 
must of necessity be small. 

In making plans for the future, the meter 
engineer must consider trends. The cost 
per reactive kilovolt ampere of capacitors, 
or the equivalent, has been markedly re¬ 
duced during the last ten years or so and, if 
the past is to be any criterion, the cost- 
reduction trend may continue. Thus, the 
relative importance of measuring the re¬ 
active component in a demand schedule 
may be less and less. The additional ex¬ 
penses chargeable to installation and main¬ 
tenance of metering equipment for the sole 
purpose of measuring the reactive compo¬ 
nent must be weighed against the cost in¬ 
crease in system investments directly charge¬ 
able to consumers’ requirements for reactive 
power. In future years, it may be considered 
a better over-all policy to invest more in 
equipment to produce reactive power and 
less in metering equipment by means of 
which charges can be allocated for the re- 


vestment between kilowatts and kilovars 
Mr. Butler has ventured into new ground 
for the Institute. I think that the concep¬ 
tion of separate kilowatt and kilovar supply 
is an excellent one to apply in the engineering 
development of an electric system. How¬ 
ever, I am not so sure that it is the most 
practicable conception in economic studies 
of system investment upon which electric 
rates may be established as can be readily 
demonstrated. 

In the first place, the random distribution 
of poor power-factor customers throughout 
the system is usually limited to certain in¬ 
dustrial areas. Therefore, since most sys¬ 
tems essentially are laid out with radial 
distribution from scattered bulk supply 
points, individual elements of the system are 
affected to a different degree and many of 
them not at all in certain years when plant 
investment has been made in anticipation of 
future loads and to provide adequate re¬ 
serves. I feel that Mr. Butler has over¬ 
simplified the problem in a rather academic 
treatment and that some of his assumptions 
determine in advance the conclusions 
reached. For example, the general principle 
is followed that the division of system in¬ 
vestment between kilowatts and kilovars 
should be on the basis of the kilowatt capac¬ 
ity used or proportionate voltage drop 
produced by each. Why not go to the 
other extreme and consider only those in¬ 
cremental investments added to certain por¬ 
tions of the system to carry the kilovar 
load for only the time that they a.re abso¬ 
lutely needed for that purpose? Consider¬ 
ing the fact that many factors enter into the 
decision of when to add new elements to a 
system, the amounts charged to the supply 
of kilovars on this basis would be small 
indeed and the conclusions reached vastly 
different. 

I have given much study to the effect of 
low-power-factor loads upon system invest¬ 
ment and the various methods of supplying 
kilovar load with the best over-all economy. 
Mr. Butler concludes that 20 to 25 per cent 
of the system investment is chargeable to 
the kilovar requirement when it is supplied 
by generating stations operating around 80 
per cent power factor. In analyzing the cost 
of specific cases I never have been able to 
demonstrate so high a figure but have found 
that the most expensive method of kilovar 
supply probably does not run over ten per 
cent of system investment at 80 per cent 
power factor when following the basis that 


active power consumed. 

It would also appear to be a reasonable 
requirement that the active-reactive meter 
should be provided with a relatively simple 
adjustment by means of which the constant 
c referred to previously can be modified, 
l-rom time to time, to be made to conform to 
the changes in the schedule. If, ultimately, 
it is decided to disregard entirely the reactive 
factor it should be a simple matter to con¬ 
vert the active-reactive demand meter to a 
standard kilowatt-demand meter, thus cir¬ 
cumventing the risk of investing in metering 
equipment which may not be utilized 
throughout its normal useful life. 


xi. K. Sels (Public Service Electric 
Company, Newark, N. J.): In at! 
to allocate equitably the total sy ; 



Figure 2. Comparison of raUs based on kilovar 
and kilovolt-ampere metering 
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I have outlined. Therefore, I feel that the 
ordinates of Figure 5 of the paper should be 
less than half the values given, while the 
ordinates of Figure 6 of the paper are about 
right. It is evident from this that only the 
poorest power-factor loads should be cor¬ 
rected by capacitors, and generators should 
not be operated above 90 per cent power 
factor. This is a point to be considered in 
correlating the capacities of generators and 
turbines. 

In giving further consideration to the 
various methods of supplying kilovars it is 
neither feasible nor desirable to concentrate 
their supply in capacitors alone because 
they would become unmanageable in system 
operation, particularly when they are in¬ 
stalled quite generally by the customer. On 
an incremental investment basis the building 
of additional kilovar supply into the design 
of a generator is the cheapest method of all 
and will support several dollars of incre¬ 
mental distribution-system investment to 
carry this supply to the load. Synchronous 
condensers, with their desirable character¬ 
istics of holding up system voltages during 
disturbances or fluctuating load, are a 
method not to be disregarded in providing 
controllable kilovar supply, particularly 
when building space is available, and their 
losses can contribute toward building heat¬ 
ing. Therefore, it appears to me that all of 
the cost elements although lower in value 
are as complex in arriving at the proper 
kilovar supply as they are for kilowatt 
supply and cannot be generalized simply. 

Finally, Mr. Butler goes so far as to ad¬ 
vocate the abandonment of the terms power 
factor and kilovolt ampere, I agree on power 
factor , but I feel that some things can be 
accomplished with kilovolt-ampere metering 
that cannot be accomplished with kilovar 
metering. For example, without holding 
any brief for either rate, take t he rate clause 
proposed by the Connecticut Commission 
of charging 25 cents per kilovar in excess 
of 50 per cent of the kilowatt demand and 
compare it with another equivalent form of 
rate based on charging 45 cents per kilovolt 
ampere in excess of 112 per cent of the kilo¬ 
watt demand as shown in Figure 2 of this 
discussion. It is evident that the kilovolt¬ 
ampere rate accomplishes more than the 
kilovar rate. First, it has the advantage of 
continuing the use of well-known terms, 
particularly with lay-minded customers, and 
provides an increasing incentive measured in 
cents per kilovar to lower-power-factor 
customers to correct at the load. Second, 
if the proper rate is selected, it reserves to 
the utility company the field of kilovar 
supply where it can best meet the needs of 
the industry. Admittedly, kilovar capacity 
should be provided at a lower cost by the 
utility than by individual customers as the 
capacity provided by the utility can be 
made useful to more than one customer, and, 
where the requirements of one locality 
change with respect to another, can be 
moved about the system as local conditions 
require. Therefore, I can only agree that a 
demand charge based on kilovolt amperes 
alone may be "somewhat inequitable,” 
and nothing is wrong with kilovolt-ampere 
metering when properly used. 

I should like to correct the impression 
given m a quotation used by Mr. Butler 
from a similar paper which Mr. Seely and I 
presented last year, that 20 per cent addi¬ 
tional turbine-generator capacity was ob- 
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tained by unity-power-factor operation of 
generators. Most of our generators will not 
deliver full kilovolt amperes at unity power 
factor as Mr. Butler assumes. Only nine 
per cent of additional capacity was due to 
increases in power-factor ratings from 0.8 
to 0.9 using other sources of kilovar supply. 
The remaining 11 per cent was obtained 
from increased kilovolt-ampere ratings re¬ 
sulting from various steps outlined in the 
paper. Quoting further from the same 
paper, computations showed for the Public 
Service Electric and Gas Company system 
that: 

1. “The static capacitor installations are the most 
economical because they are close to the load. 

2. “The small added cost of providing reactive 
capacity in generators is next least expensive even 
with the added system investment and no saving in 
losses. 

3. “Adding capacity in the form of synchronous 
condensers wherever located is the most expensive 
of all due to their higher initial cost.” 

Therefore it appears that while our ap¬ 
proach is different we are in fairly close 
agreement on the method of kilovar supply 
with certain qualifications, but quantita¬ 
tively we are not in agreement as to the 
method of analysis and the establishment of 
costs. Also, we are not in agreement with 
the method of metering that most closely 
represents the cost of service. 


J. W. Butler: There seems to be a general 
criticism to the effect that the conclusions 
are invalidated by the somewhat sweeping 
assumptions adopted, particularly assump¬ 
tion number 2. This aspect will be covered 
first by a general discussion, then the re¬ 
maining individual points answered. 

Assumptions were made to establish a 
basis for a broad analysis to determine the 
relative costs of producing kilovars in differ¬ 
ent ways on an average power system, as 
well as establishing as a bench mark, the 
relation between these costs and the costs 
of producing kilowatts. The analysis was 
made on the basis of exploring a range in 
conditions of system operation from one 
extreme to another, namely, 

1. Load kilovars all supplied by generators and 
prime movers able to deliver full kilowatt output 
at 1.0 power factor. 

2. Load kilovars all supplied by auxiliary kilovar 
generators near the load. 

In doing this it was appreciated that no 
system ever operated in either manner, but 
these cases did describe limits which en¬ 
compassed all systems. Hence the results 
indicated the range in which we were work¬ 
ing and the scope of the possibilities in 
either direction. 

Following this general approach, the 
method was numerically applied to three 
specific radically different systems, desig¬ 
nated as A, B and C. 

Thus all types of systems were reasonably 
included somewhere in the area covered and 
the ratios between the fraction of the total 
system investment chargeable to kilovars 
when supplied by prime mover units, Figure 
5 of the paper, as compared with the fraction 
of system investment chargeable to kilovars 
when supplied from equipment such as 
capacitors near the load, Figure 6 of the 
paper, were so large in any case that it 
adequately established the advisability of 
carefully checking the practice in any par¬ 


ticular case of supplying kilovars from prime 
movers that had available capacity for more 
kilowatt output if the kilovar load were 
reduced. As an example, if the magnitude 
of the effect of assuming that only 50 per 
cent of generating equipment is capable of 
operating at full kilovolt-ampere unity 
power factor output instead of 100 per cent, 
as assumed, then at 0.8 power factor the 
curve points for the three types of systems 
would be 22, 21 and 16 instead of 26, 25 and 
21, as shown in Figure 5. As these values 
are to be compared with values of about 2 
and 5, depending upon whether the device 
for producing the kilovars is assumed to cost 
$10 or $25 per kva, as shown in Figure 6, it 
is seen there is little effect on the general 
conclusion that the ratio of these costs is high. 

The kernel of the message is: Do the 
operating companies want to maintain con¬ 
trol of their system kilovar sources? Such 
control is important in system design and 
operation, as pointed out by B. M. Jones 
in his discussion, and this control could 
readily pass into the hands of the consumer 
if the reduction in the price of capacitors is 
not factored into the over-all picture by the 
operating company. Obviously, if this con¬ 
trol is to be maintained by the utility, the 
service costs must reflect the necessary 
system investment, and this investment 
must be made on the basis of what it costs to 
provide the requirements in the most 
economical manner. The relation of the 
price and price trend of kilovar sources in 
this respect is somewhat obvious. 

The discussion by Mr. Crary is appreci¬ 
ated, as it will aid in clarifying the real 
intent of the paper. Synchronous conden¬ 
sers have a definite place in system opera¬ 
tion, and they fall into the broad classifica¬ 
tion of a kilovar source and are to be used 
accordingly. 

I am unable to agree with Mr. Brownlee’s 
interpretation of the conclusions given in his 
second paragraph. Quite to the contrary, 
the size of the boilers might have to be in¬ 
creased if additional kilowatts are to be 
delivered by the prime movers and genera¬ 
tors, after the station has been relieved of 
its kilovar obligations. Further, the addi¬ 
tion of capacitors at the generator terminals 
would merely relieve the generator only of 
the job and not the transmission and distri¬ 
bution facilities, which represents a major 
portion of the system investment. 

The possible magnitudes of kilovar loss 
emphasized by Mr. Brownlee and Mr. 
George when it is generated remotely from 
the loads indicates the conservativeness of 
the analysis as this factor (assumption 3) 
was neglected. 

The use of switched capacitors, feeder 
voltage regulators or load-ratio-control 
transformers on lines to improve regulation 
has no effect on that part of the analysis 
where voltage drop is the limiting factor, 
as contended by Mr. Brownlee. Regardless 
of how the voltage drop is actually taken care 
of, if the kilovars flowing over a line cause 
half the voltage drop, it seems reasonable to 
charge the kilovars up with half the invest¬ 
ment of that line. Voltage was merely used 
as a yard stick to determine the relative 
kilovar and kilowatt usages of the line, and 
not the usage of the regulating devices. 
The usage of these regulating devices was 
determined by thermal or current capacity 
usage. 

Concerning Mr. Foote’s remarks, the 


philosophy offered in the paper in this 
respect makes available the 125 per cent 
kilowatt capacity under peak or emergency 
conditions. How could this overload ca¬ 
pacity be utilized, unless the required kilo¬ 
vars were supplied by some other source? 

B. M. Jones clearly understood the real 
message, and I am indebted to him for 
presenting a system-planning engineer’s 
viewpoint, indicating his appreciation of the 
philosophy developed. 

Mr. Boland’s remarks and conclusions 
concerning metering are very sound. All 
discussers have in substance agreed to the 
results indicated by Figure 6 of the paper, 
namely, investment allocable to kilovars 
when supplied by auxiliary kilovar genera¬ 
tors. The magnitude of the allocation indi¬ 
cated in Figure 5 has been generally ques¬ 
tioned, the feeling being it should be re¬ 
duced. In any case, it is a question of the 
physical practicability or economic limit 
beyond which the separate metering and 
segregation of the two quantities can con¬ 
tinue to be justified. As pointed out by Mr. 
Boland, this may influence the philosophy 
of handling the kilovar problem; namely, 
investing in equipment for supplying kilovars 
instead of in meters for measuring kilovars. 

If the philosophy of “separate kilovar and 
kilowatt supply is an excellent one,” as 
stated and agreed to by Mr. Sels, to apply 
in the design and operation of a system, it 
appears logical that the same philosophy 
should follow through in the analysis of the 
system investments. This, however, is of 
academic interest only as it does not neces¬ 
sarily affect the real message and conclusion 
of the paper as presented in the beginning 
of this closure. The use of the lower incre¬ 
mental costs as preferred by Mr. Sels or the 
data in Figure 6 to which he generally 
agrees, further emphasizes the message, 
that if kilovar control is to be maintained by 
the operating companies, these low kilovar 
costs must be reckoned with. This is clearly 
recognized by Mr. Sels and his associates 
as indicated by the extent to which they 
have carried and reported the kilovar pro¬ 
gram on their systems. I am indebted for 
the clarifying data, pertinent to the quota¬ 
tion taken from the Sels and Seeley paper, 
that only nine per cent of the 20 per cent 
reported gain was due to power factor im¬ 
provement. 


Sell-Excited Oscillations of 
Capacitor-Compensated 
Long-Distance Transmis¬ 
sion Systems 

Discussion and authors’ closure of paper 43-8 
by R. B. Bodine, C. Concordia, and Gabriel 
Kron, presented at the AIEE national technical 
meeting, New York, N. Y., January 25-29, 
1943, and published in AIEE TRANSAC¬ 
TIONS, 1943, January section, pages 41-4. 


S. B. Crary: For discussion, see page 372. 

R. B. Bodine, C. Concordia, and G. Kron: 

As a further emphasis of the second point 
of Mr. Crary’s discussion, it may be re- 
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marked that representation of the per¬ 
formance of any physical system by equiva¬ 
lent circuits rather than by a set of equa¬ 
tions has some virtue in calculations even 
if a network analyzer is not available. For 
example, such representation of the steady- 
state performance of transformers and in¬ 
duction motors has been for many years a 
commonplace with practically all engineers, 
and the representation of more complex 
systems is a direct extension of this kind of 
thinking. 


Equivalent Circuits for 
Oscillating Systems and 
the Riemann—Christoffel 
Curvature Tensor 

Discussion and author's closure of paper 43-9 
by Gabriel Kron, presented at the AIEE 
national technical meeting. New York, N Y 
January 25-29, 1943, and published in AIEE 
TRANSACTIONS, 1943, January section, 
pages 25-32. 


R. B. Bodine (General Electric Company, 
Schenectady, N. Y.): The equivalent cir¬ 
cuits for oscillating systems developed by 
Mr. Kron in this and associated papers 1 are 
a definite and valuable contribution to the 
theory of electrical machinery. The circuits 
give a better physical picture of the phe¬ 
nomena involved in the analysis of oscillat¬ 
ing systems and in so doing give a clearer 
understanding of the variables involved in 
such analysis. Since the equivalent circuits 
may be set up on the a-c network analyzer 
and results desired obtained from meter 
readings, much of the time and labor in¬ 
volved in making the necessary calculations 
is eliminated. A direct consequence of the 
use of an a-c network analyzer in the study 
of oscillating systems is that problems which 
have been left undone, or which have been 
done by less desirable methods such as model 
testing because of the weight or complexity 
of the mathematics needed may now be 
undertaken. 

Some typical results obtained by use of 
the circuits and the a-c network analyzer 
are given in references 2 and 4. The data 
presented are the damping and synchroniz¬ 
ing torques for the hunting of a doubly fed 
motor and for the hunting of a synchronous 
machine connected to an infinite bus through 
a series-capacitor-compensated transmis¬ 
sion system. Other cases in which the 
equivalent circuits have provided useful data 
are interconnected Selsyn systems, the slip 
coupling which is a derivative of the syn¬ 
chronous machine, and induction motors 
used under unusual conditions. 

Examination of the equivalent circuits as 
presented in references 1, 2, and 3 shows 
that the circuit elements occurring most 
commonly are inductance and positive and 
negative resistance. If negative resistance 
units are not available, the impedance 
values, in the event that capacitance is not 
present, may be multiplied by -/ to convert 
to positive resistance, capacitance, and in¬ 
ductance. If all four circuit elements are 
present, methods of superposition may be 
used. These consist essentially of removing 


the branch in which the negative resistance 
occurs, replacing the circuit as viewed from 
this branch by an equivalent impedance and 
voltage, and completing the calculation by 
hand. 
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S. B. Crary (General Electric Company, 
Schenectady, N. Y.): These papers illus¬ 
trate how the network analyzer may be used 
for the study of self-excited oscillations or 
hunting in electromechanical systems. The 
use of equivalent circuits for the study of 
such problems is of great practical signifi¬ 
cance. 

Physical problems can be analyzed and 
solved which heretofore were impossible of 
analytical solution because of the time and 
labor involved. Previously, either expen¬ 
sive trial and error tests on actual systems or 
experiments with miniature systems which 
were many times but crude approximations 
were necessary. 

A better. physical conception of the 
phenomena is obtained including a realiza¬ 
tion of the quantitative importance of the 
various factors. These are secured because 

(a) . Fewer idealizing assumptions are necessary. 

(b) . The equivalent circuit presents by its arrange¬ 
ment and the magnitude of its elements a visual 
and more easily understood expression of the 
underlying physical relations. 


Gabriel Kron: Another advantage of the 
equivalent circuits may be mentioned, not 
brought out by the discussions of Bodine 
and Crary. While considerable work was 
expended in discovering how to intercon¬ 
nect the equivalent circuits of two oscillat¬ 
ing induction motors (or rather two oscil¬ 
lating primitive machines energized by 
alternating currents) no comparable work 
was involved in setting up the rest of the 
equivalent circuits. Once the method of 
interconnection of two primitive machines 
or systems was known, then the intercon¬ 
nection of the equivalent circuits of any two 
other machines (or one machine and a net¬ 
work) followed automatically. The already 
known equivalent circuits of two isolated 
salient-pole synchronous machines (or of 
the compensated transmission line and a 
synchronous machine) were interconnected 
without writing down a single equation, 
irrespective of whether their performance 
involved steady-state or small oscillations. 
The work consisted simply of repeating the 
method of interconnection of two primitive 
machines and making the appropriate 
changes necessary. 

Expressed in another way, in analyzing a 
family of related systems, such as stationary 


or rotating electrical networks, by means of 
the tensorial approach, even in the absence 
of equivalent circuits, it is sufficient for the 
student to familiarize himself thoroughly 
with the physical and mathematical analy¬ 
sis of only one particular system, the so- 
called primitive” system. Then by know¬ 
ing only the "transformation tensor” C by 
which any particular system under review 
differs from the primitive system, the engi¬ 
neer can establish the physical analysis and 
the equations of performance of his system 
by routine manipulations (employing the 
laws of transformation of geometric objects 
and tensors) without the necessity of start¬ 
ing from scratch for each given system. 

Now, with the use of equivalent circuits 
the engineer doesn!t even need to go through 
the pick and shovel work of establishing the 
equations of his system. (Even this roptine 
task of simply writing down on paper the 
equations of hunting, of a capacitor-com¬ 
pensated transmission system is a forlorn 
undertaking, without considering how the 
engineer could keep track of the physical 
analysis.) The establishment of the equiva¬ 
lent circuit of any particular system from 
that of the primitive system and the method 
of their interconnection into more complex 
structures is purely graphical and involves no 
writing of equations, provided the matrix of 
transformation C of the particular system is 
available. 

Besides relieving the engineer from the 
tedious task of juggling equations (while 
still allowing him to retain a clear and com¬ 
plete physical picture) the use of equivalent 
circuits takes off the designing or applica¬ 
tion engineer’s back the tremendous burden 
of computation. It is interesting that while 
engineers unanimously dislike pushing the 
slide rule, the crew running the network 
analyzer actually enjoys working with 
equivalent circuits. 


Shunt Capacitors 

Discussion and author's closure of paper 43-48 
by the AIEE general systems subcommittee of 
the committee on power transmission and dis¬ 
tribution, presented at the AIEE national tech¬ 
nical meeting, New York, N. Y., January 25- 
29, 1943, and published in AIEE TRANS¬ 
ACTIONS, 1943, May section, pages 
222-30. 


M. C. Westrate (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
This paper on a very timely subject covers 
the application of shunt capacitors and their 
effect upon the system. The term "kilovar” 
is naturally very useful in analyzing the con¬ 
tribution of capacitors, and this paper makes 
use of the two-component concept: namely, 
kilowatts and kilovars. It is a bit disap¬ 
pointing, however, to find the introduction 
of a term "negative kilovars.” In system 
load-division studies, it is usually conven¬ 
ient to indicate the flow of power in an as¬ 
sumed direction and then to use a minus 
sign whenever the direction of flow turns 
out to be opposite to the way assumed. 
This is a convenience for diagrammatic 
work and calculations, but the kilovar com¬ 
ponent is still considered positive the same 
as kilowatts. Thus, an overexcited genera- 
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tor should be regarded as supplying kilo- 
vars to the system rather than drawing 
negative kilovars as mentioned in this paper. 
Similarly, in the example under "Current 
Limitation” and as shown in Figure 3 of the 
paper, the capacitor should be considered 
as supplying kilovars rather than consuming 
them. The use of the term "kilovar” and 
the two-quantity concept has been so help¬ 
ful in overcoming some of the difficulties ex¬ 
perienced with "power factor” that it would 
be very unfortunate to complicate it more 
than necessary. 

Formula 1 in the paper shows kilovolt 
amperes equal to£i 2 and so forth, which as 
explained in the text is on a per-unit basis 
and therefore correct mathematically. How¬ 
ever, it would seem more desirable to have 
formulas in themselves equal in regard to 
electrostatic units which could be accom¬ 
plished by inserting a per cent sign in front 
of each term on both sides of the equation. 

In the example of how a capacitor can re¬ 
lieve the loading of a transformer, it is 
shown that the "increase in ability to supply 
load” is obtained at $11.55 per kilovolt¬ 
ampere for the capacitor and $10.00 per 
kilovolt-ampere for the transformer with the 
statement that "then considering the other 
advantages of the capacitor, the latter may 
be more economical.” It would seem as 
though this should read "then not consider¬ 
ing the other advantages.” 


R. M. Hawekotte (Bell Telephone Labora¬ 
tories, Inc., New York, N. Y.): As pointed 
out in the paper, a considerable amount of 
work has been done by the Joint Subcom¬ 
mittee on Development and Research of the 
Edison Electric Institute and Bell Telephone 
System in regard to the effects of shunt 
capacitors on the inductive co-ordination 
problem. I should like to elaborate some¬ 
what on this joint work. 

The subcommittee work on shunt capaci¬ 
tors was initiated in 1935, when the use of 
capacitors was limited to low-voltage in¬ 
dustrial-plant installations for power-factor 
and voltage improvement. The problem 
at that time was found to be one of voltage 
control and capacitor fuse operation during 
light-load periods rather than an effect of 
harmonic currents and voltages on exposed 
telephone circuit noise. However, the de¬ 
velopment in 1937 of the outdoor pole-type 
capacitor resulted in extensive use of capaci¬ 
tors on primary distribution circuits in the 
range from 2.3 to 13.8 kv, and the inductive 
effects of these harmonic currents and volt¬ 
ages became important. The subcommittee 
studied these problems and made the results 
of their preliminary studies available to the 
field about the middle of 1938. This in¬ 
formation indicated what effects might be 
expected and what remedial measures, 
applicable to either the power or telephone 
systems or both, were available. 

Although the demands of more vital prob¬ 
lems in connection with the war effort have 
necessitated postponing the completion of 
a report summarizing the results of the 
shunt-capacitor studies, the groundwork 
laid by the subcommittee has been of con¬ 
siderable value during this emergency which 
has added to the number of inductive co¬ 
ordination problems because of the necessity 
for providing increased power and telephone 


service with minimum amounts of critical 
materials. For example, many shunt- 
capacitor installations have been made by 
the power companies to permit more power 
to be transmitted over existing lines without 
using large amounts of additional copper. 
The telephone companies have also had to 
make greater use of multiparty service em¬ 
ploying grounded ringing in order to avoid 
placing additional wire and cable facilities. 

Restrictions on the use of strategic ma¬ 
terials likewise have made it increasingly ' 
difficult to obtain the material necessary 
for certain types of remedial measures: for 
example, neutral reactors for three-phase 
wye-grounded capacitor banks on multi- 
grounded neutral systems. It is of con¬ 
siderable interest, that, as indicated in the 
paper, there are certain protection advant¬ 
ages in the operation of wye-connected ca¬ 
pacitors with neutral isolated, since this 
method of connection limits the effect of 
the capacitors on the power-system in¬ 
fluence more effectively than the neutral 
reactors. 

The telephone station sets being manu¬ 
factured before the current restrictions on 
materials had a very low inductive suscep¬ 
tiveness. The more recently manufactured 
sets, however, have a somewhat higher 
susceptiveness, because magnetic iron has 
been substituted for Permalloy in the 
ringers in order to save nickel. Also, since 
the manufacture of station sets has now 
been practically discontinued, it has be¬ 
come necessary to repair and reuse many 
older sets of discontinued types having rela¬ 
tively high susceptiveness. As an aid in 
these co-ordination problems, increasing use 
is being made of telephone-cable-sheath 
shielding. Where practicable, the cable 
sheaths are bonded to a low-impedance 
multigrounded neutral conductor as de¬ 
scribed in engineering report 43 of the Joint 
Subcommittee on Development and Re¬ 
search. 

Various factors thus tend to increase the 
difficulty of securing adequate co-ordination 
and point to the desirability of being par¬ 
ticularly alert in the matter of advance 
planning and advance study of proposed 
capacitor installations. 

During 1942 several relatively large in¬ 
stallations of shunt capacitors were made in 
connection with large-capacity multiphase 
rectifiers. The subcommittee has studied 
the inductive co-ordination aspect of multi¬ 
phase rectifiers, and the results are described 
in engineering report 49 of the Joint Devel¬ 
opment and Research Subcommittee. It is 
now studying the combined installations of 
multiphase rectifiers and shunt capacitors. 
Briefly, the results in the cases investigated 
to date indicate that the net effect of these 
capacitor installations, from the inductive 
co-ordination standpoint, has been benefi¬ 
cial, particularly under balanced operation 
of the rectifier station: that is, with all recti¬ 
fier units in service. However, there is a 
possibility of adverse effects from an in¬ 
ductive co-ordination standpoint, depending 
on a number of factors such as rectifier size 
and number of phases, size of capacitor 
bank, impedance and voltage of the supply 
system, and so forth. In such cases, the 
effects will be more severe for unbalanced 
station operation; that is, when one or two 
units of the multiphase rectifier are shut 
down for servicing or maintenance. 


C. F. Wagner: In reply to Mr. Westrate’s 
comments, I see nothing incongruous in the 
conception of a negative kilovar. As con¬ 
cerns the load dispatcher, it is desirable that 
reference be made only to positive kilovars 
as the quantity dispatched throughout the 
system. Thus an overexcited synchronous 
condenser should be regarded as supplying 
kilovars to the system or as generating kilo¬ 
vars and an underexcited condenser as draw¬ 
ing kilovars from the system or absorbing 
kilovars. We should not, however, disallow 
the use of negative kilovars any more than 
we disallow negative kilowatts. In analyti¬ 
cal work we frequently have occasion to use 
the conception of both negative kilowatts 
and negative kilovars. A particular ex¬ 
ample is the circle diagram of the kilowatts 
and kilovars at the sending or the receiving 
end of a transmission line. Here of neces¬ 
sity, one must use both positive and negative 
values of both kilowatts and kilovars, and 
no confusion results from this practice. 

With regard to Mr. Westrate’s criticism 
of the form of equation 1, the insertion or 
omission of the term "per unit” on each 
side is one of preference. One could not, 
of course, simply insert per cent signs with¬ 
out altering the form of the equation to take 
care of the 100 factor on the left-hand side. 

Mr. Westrate is quite correct in his criti¬ 
cism that the word "not” should have been 
inserted in the discussion of how a capacitor 
can relieve the loading of a transformer. 
Thus the last sentence in the third para¬ 
graph under "Current Limitation” should 
read, "Then not considering the other ad¬ 
vantages . . . . ” 

Mobile Capacitor Units for 
Emergency Loading of 
Transformers in Open Delta 

Discussion and authors* closure of paper 43-16 
by Herman B. Wolf and G. G. Mattison, 
presented at the AIEE national technical 
meeting, New York, N. Y v January 25—29, 
1943, and published in AIEE TRANSAC¬ 
TIONS, 1943, February section, pages 83-6. 

Edith Clarke and H. A. Peterson: For 

discussion, see page 375. 

Howard P. Seelye: For discussion see page 
375. 

Herman B. Wolf and G. G. Mattison: In 
the Edith Clarke and H. A. Peterson discus¬ 
sion, two other possible methods of balancing 
voltages of open-delta banks are suggested* 
one using series capacitors and the other a 
series reactor. 

The purpose of the mobile capacitors is to 
permit loading of self-cooled transformers in 
closed delta to the approximate thermal limit 
and then, in emergency, by applying the 
mobile unit, to carry the entire bank load 
on two transformers in open delta with the 
voltage reasonably well-balanced and the 
transformer loading reduced to the extent 
that copper temperatures are kept within 
safe limits with the aid of supplementary 
cooling. Since neither of the suggested 
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methods reduces the transformer loading, 
they are not applicable for this purpose. 

Two other methods of balancing the volt¬ 
age of an open-delta bank have been used 
by the authors; namely: 

1. Raising the voltage of the phase lagging the 
open delta by raising the secondary voltage of the 
transformer connecting to this phase, this being 
accomplished by proper setting of the ratio ad¬ 
juster. 

2. ^ By use of an autotransformer, the exciting 
winding being connected across the open-delta 
phase and the series winding in the phase lagging 
the open delta. 

By either of these methods, the voltage at 
any predetermined load is balanced satis¬ 
factorily, but, as transformer loading is not 
reduced, the full closed-delta load cannot be 
carried safely on the open-delta bank, even 
with the aid of supplementary cooling. 

The effectiveness of the shunt capacitors 
in reducing load of open-delta banks is 
illustrated by cooper temperatures of trans¬ 
formers in supplements to Figures 4 and 5 
of the authors’ paper. 

Supplement to Figure 4 


pressed forcibly on the discussers recently 
when, in emergency, an attempt was made 
to supply several textile plants from a bank 
of transformers in open delta. The voltage 
was unbalanced six per cent. The plants 
with older motors made no complaint of 
this unbalance, but one plant equipped with 
modern thermal relay protected motors was 
unable to run, presumably because of the 
increased losses on motors of close design. 
Mobile capacitor units were connected to 
the station bus without interrupting service 
to the plants which were able to run with the 
unbalanced voltage; this balanced the 
voltage within two per cent, which permitted 
normal operation of all customers. 
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Self-Cooled 
Without 
Capacitors 
(Degrees 
Centigrade) 

Open Delta 
Fan-Cooled 

405 Kilovolt- 
Amperes in 
Capacitors 
(Degrees 
Centigrade) 

Hot-spot rise above top 


oil.. 

.19 


Hot-soot 

temperature 


with 35 degrees 


centigrade 

ambient. 77 . 

.67 


Supplement to Figure 

5 



Open Delta 


Closed Delta 

Fan-Cooled 


Self-Cooled 

1,080 Kilovolt- 


Without 

Amperes in 


Capacitors 

Capacitors 


(Degrees 

(Degrees 


Centigrade) 

Centigrade) 

Hot-spot rise 

above top 


oil.. 

. 3 5 


Hot-spot i 

temperature 


with 35 

degrees 


centigrade ambient.76.5. 

.62.5 


Open-Delta Transformer 
Banks Analysis of Circuit 

Discussion and author’s closure of paper 43-45 
by J. E dem, presented at the AIEE national 
nr™* 1 meeting. New Vork, N. Y., January 
and published in AIEE TR ANS- 
ACTIONS:, 1943, June section, pages 


Hermaa B. Wolf and G. G. Mattison (Duke 
.rower Company, Charlotte, N. C.): The 
authors of the paper "Mobile Capacitor 
Units for Emergency Loading of Trans- 
ormers m Open Delta" are highly gratified 
that a thorough analysis of open-delta regu¬ 
lation, losses, and corrective capacitance 
requirements has been made. In his paper, 
Mr Clem calls attention to the increased 
heating of motors when supplied by an 
open-delta bank; this condition was im- 
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Edward W. Kimbark (Massachusetts Insti¬ 
tute of Technology, Cambridge, Mass.): 
The purpose of connecting unbalanced 
shunt capacitors to the secondary terminals 
of an open-delta transformer bank (as shown 
in Figure 5 of Mr. Clem’s paper) appears to 
be threefold: 

1. To balance the secondary voltages or—in terms 
of symmetrical components—to eliminate the nega¬ 
tive-sequence secondary voltage. 

2. To raise the positive-sequence secondary volt¬ 
age. 

3 To reduce the currents in the transformers and 
the consequent heating of the transformers. 

As Mr. Clem points out, both the lowering 
of the negative-sequence voltage and the 
raising of the. positive-sequence -voltage 
serve to reduce the currents and copper 
losses in induction motors fed from the 
transformers. 

If the object were merely to balance the 
secondary voltages, it could be accomplished 
simply by connecting in series with the 
common conductor A on either primary or 
secondary side of the transformers an im¬ 
pedance (predominantly inductive react¬ 
ance) equal to the short-circuit impedance 
of one of the transformers measured in ohms 
from the same side. This device without 
further adjustment would balance the 
secondary voltages for any load kilovolt¬ 
amperes and power factor, providing only 
that the load itself were a balanced one. 
The positive-sequence voltage drop through 
the bank, however, then would be three 
times as great as for a delta-delta bank; 
whereas, for the open-delta bank without 
the added impedances, the positive-sequence 
voltage drop would be only between 1.5 and 
2.0 times as great as for a delta-delta bank, 
depending upon the negative-sequence im¬ 
pedance of the load. The negative-sequence 
secondary voltage of the open-delta bank is 
between 0 and 0.5 times the positive- 
sequence drop in the same bank or between 
0 and 1.0 times the positive-sequence drop 
in a delta-delta bank. 

A fixed capacitor in series with each 
transformer would very nearly balance the 
voltages and would decrease the regulation 
also. 

By the use of two capacitors connected as 
shown in Figure 5 of Mr. Clem’s paper, it is 
possible to obtain exactly balanced second¬ 
ary voltages on an open-delta transformer 
bank feeding a balanced three-phase load. 

To maintain this balance, it is necessary to 
vary each capacitor as the load changes in 
kilovolt-amperes or in power factor. 

If balanced voltages are applied to a 
balanced load, line currents a and c will be 


Figure 1. Proper corrective capacitor currents 
Ica ari d to balance the secondary voltages 
of an open-delta transformer bank feeding a 
balanced load of current l L lagging by angle 6. 
Also the resulting transformer current l T Z<f> T 

equal in magnitude and 120 degrees apart in 
phase. These currents must be modified 
by the addition of the capacitor currents, 
leading their respective line-to-line voltages 
by 90 degrees and of such magnitudes 
that the resulting transformer currents 
are equal in magnitude (to each other, not 
to the load currents) and 60 degrees apart 
in phase, in order to give balanced primary 
voltages. Conversely, when the corrective 
capacitances so determined are used, the 
application of balanced primary voltages 
will result in balanced load voltages. 

Figure 6 of Mr. Clem’s paper presents 
charts which are intended for use in deter¬ 
mining the proper amounts of corrective 
capacitance or capacitive current, but these 
charts are inconvenient to use, because they 
require a cut-and-try process as illustrated 
in the paper. The formulas for the proper 
capacitor currents are extremely simple. 
The currents I ca and I bc in capacitors C ca 
and C bc , respectively (see Figure 5 of the 
paper) are given by 


Ica~lL cos 0 
and 

A c =/ L sin 0/V3 


(1) 


(2) 
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where I L is the load current per terminal, 
and Q is the power-factor angle (positive 
for lagging current). The current in one 
capacitor should be equal to the active 
component of load current, and the current 
in the other capacitor should be equal to the 
reactive component of load current divided 
by V3. These values are independent of 
the transformer impedance. 

The proper capacitor currents are plotted 
versus the power-factor angle 6 in Figure 1 
of this discussion. The arithmetical sum 
of the two capacitor currents is plotted also. 
The sum serves as an index of the aggregate 
kilovolt-ampere capacity of the two capaci¬ 
tors. The capacity is seen to be greatest at 
30 degrees lag (87 per cent power factor); 
here the total capacitor current is 1.15 
times the load current, or kilovolt-ampere 
capacity is 1.15/1.73 = two-thirds that of 
the load. 

The current in the transformers is reduced 
by use of the capacitors. When the proper 
values of capacitance are used, as given by 
equations 1 and 2 preceding, the current in 
the two transformers of an open-delta bank 
are equal in magnitude and 60 degrees 
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apart in phase. The magnitude is given by 
the curve It/Il in Figure 1 of this discussion, 
and the phase with respect to the secondary 
voltage of the same transformer is given 
by the curve 4> T . For any load power factor 
with lagging current, the transformer cur¬ 
rents are less with than without capacitors. 
Note that, in a delta-delta bank without 
capacitors, I t /Il = 0.577. The magnitude 
and phase of the transformer current are 
given by the vector equation 

I T /.cj> /I L 

— 0.763 Z (19° —0)+0.288 Z (6O°+0) 

(3) 

From the magnitude and phase of the 
transformer current and a knowledge of 
the transformer impedance, the regulation 
can be calculated by ordinary methods or 
by Mr. Clem’s new formula. The regula¬ 
tion of the open-delta bank with capacitors 
is not only less (algebraically) than the 
regulation of the same bank without capaci¬ 
tors, but it is also less than the regulation 
of the delta-delta bank without capacitors. 


Edith Clarke and H. A. Peterson (General 
Electric Company, Schenectady, N. Y.) : 
These papers indicate thorough and careful 
analyses of the possible difficulties that may 
be encountered when supplying load to 
motors through open-delta transformer 
banks. The shunt-capacitor scheme of 
balancing the voltages at the load is illus¬ 
trated, and methods of calculating the per¬ 
formance are given. 

Two other possible methods of solution 
could be used, namely: 

1. Series capacitors in two phases. 

2. Series reactor in one phase. 

For the former method, the capacitive re¬ 
actances should be inserted on either side of 
the open-delta transformer in the two lines 
marked B and C in Figure 3a of Mr. Clem’s 
paper. In ohms, the capacitive reactance 
should be equal to the leakage reactance for 
one of the single-phase transformers re¬ 
ferred to the side in which the capacitors are 
installed. This would have two advantages; 
namely: 

1. Substantially balanced voltages would be ap¬ 
plied to the motors for all loads and all load power 
factors. 

2. No reactance drop would be encountered across 
the open-delta bank plus the series capacitors con¬ 
sidered as an integral unit. 

By overcompensating the leading phase and 
undercompensating the other phase by an 
equal amount, negative-sequence currents 
resulting from unbalanced transformer re¬ 
sistances can be eliminated also. 

The second scheme employing a series 
reactance in the line marked A of Figure 3 a 
can also be used to supply balanced voltage 
at the load for any condition of operation. 
The reactor should be equal in ohms to the 
leakage reactance of one of the single-phase 
transformers referred to the side in which the 
reactor is installed. Thus, since only one is 
required, the corrective kilovolt-amperes re¬ 
quired is half that required for the series- 
capacitor scheme. However, this scheme 
has the disadvantage of increasing the volt¬ 
age drop across the open-delta transformer 
and the series reactor considered as a unit. 
This may not be a limitation, however. 


because generally regulation at the load is 
not so important as the unbalanced volt¬ 
ages, or the problem would not have arisen 
in the first place. 

For either of these schemes, the corrective 
kilovolt-amperes required is independent of 
the side of the transformer on which the 
corrective kilovolt-amperes is installed. 


Howard P. Seelye (The Detroit Edison 
Company, Detroit, Mich.): Although the 
open-delta transformer connection has been 
used for many years, it has usually been 
considered to be in the nature of an emer¬ 
gency or temporary expedient. This is, of 
course, because, for a three-phase load, the 
transformer capacity required with open 
delta is 15 per cent greater than with a 
closed-delta installation, and the voltages 
produced are unbalanced, sometimes to an 
extent detrimental to the service. Several 
years ago a number of studies and tests 
made in The Detroit Edison Company 
showed that for loads consisting of single¬ 
phase and three-phase combined, the single¬ 
phase being on one phase only and of con- • 
siderable amount compared with the three- 
phase, open delta could be used effectively 
and had several advantages over closed 
delta. Not only is there one less transformer 
to install, but also, if the proper phase rela¬ 
tion is chosen, the total load-carrying capa¬ 
bility per kilovolt-ampere of transformer 
capacity is larger than with closed delta, 
and the voltage balance is better. This was 
quite thoroughly discussed in an article in 
Electrical World , April 20, 1929+ 2 

In 1934 the method of serving commercial 
customers having both single-phase and 
three-phase load on the Detroit Edison 
system was changed. Before that time 
separate transformers, services, and meters 
had been used for the two types of load. It 
was decided to combine these on one service 
and one meter. This created quite a problem 
in distribution. Three-phase distribution 
transformers had been the rule for three- 
phase service. Since these were wye-delta 
wound, they could not be paralleled with the 
single-phase transformers in the area. It 
was necessary to remove them and convert 
the distribution to delta delta. 

In a great deal of the territory the smaller 
three-phase loads could be handled by add¬ 
ing a fourth wire to existing single-phase 
three-wire secondary circuits. The open- 
delta connection was ideal for this purpose. 
The existing single-phase transformers, 
which in Detroit were mostly connected in 
banks along the secondary mains, served 
as one leg of the V. A small single-phase 
transformer just large enough for the three- 
phase load was connected for the other leg, 
supplying the fourth wire. Figure 2 shows 
the plan of a typical installation. The three- 
phase loads are indicated on this plan, but 
the single-phase services are not shown. 
Primary circuits, which also are not shown 
on the plans, were 4,800-volt ungrounded 
delta. The experience with open delta 
quoted here refers only to that system; 
none has been had with four-wire, wye-con¬ 
nected primary circuits. Incidentally, it 
was found possible to revamp most of the 
smaller old three-phase transformers to 
single-phase transformers for this purpose. 

This practice was found to be very con¬ 
venient and efficient and is the standard for 
the Detroit Edison system today. There 


are some 5,000 of these open-delta installa¬ 
tions scattered throughout the territory, 
serving a total of three-phase loads of the 
order of 100,000 kva. Some of these are 
relatively small and isolated, as in Figure 2 
of this discussion. Others are more exten¬ 
sive, providing service to a number of cus¬ 
tomers along a street as in Figure 3 of this 
discussion. Although other companies 
have made similar use of open delta, it may 
be of interest, for those who have not done 
so, to review briefly the theory which under¬ 
lies its application, showing why it offers 
particular advantages for such combined 
loads. 

It is well known that, if a balanced three- 
phase load is carried on two transformers in 
open delta, the current in each transformer 
is the line current; that is, it is \/3 times 
the current which would be found in the 
transformer if the delta were closed by a 
third transformer. Current in one trans¬ 
former lags behind the voltage by an angle 
equal to the phase angle of the load plus 
30 degrees; in the other transformer the cur¬ 
rent lags by an angle equal to the phase 
angle of the load minus 30 degrees. For a 
load power factor of 80 per cent, the phase 
angle in one transformer is approximately 
37 degrees+30 degrees = 67 degrees; the 
phase angle in the other is 37 degrees—30 
degrees = 7 degrees, or nearly in phase with 
the voltage. Figure 4 of this discussion is a 
vector representation of this condition. 

If a sizeable single-phase load is now added 
across phase ab, the one with the large phase 
angle, this load being in phase with the 
voltage tends to decrease the phase angle or 
to bring the current nearer in phase with the 
voltage. If this single-phase current is 
relatively large compared with the three- 
phase current, the effect will be pronounced, 
giving a resultant current not far out-of- 
phase with the voltage and at the same time 
appreciably less than the arithmetical sum 
of the two components. Figure 5 of this 
discussion shows this effect. For example, 
with the 80 per cent power-factor three- 
phase load, the total current in such a case 
would be approximately equal, numerically, 
to the single-phase current plus one half of 
the three-phase. This should result in good 
efficiency in the use of transformer capacity, 
and that has proved to be the case. It 
should be noted that the effect described is 
only obtained when the single-phase load is 
added to the transformer having the large 
phase angle. That is, this should be the 
phase which leads by 120 degrees the phase 
on which the other smaller transformer is 
connected. If the wrong phase is used, the 
effect is just the opposite to that described, 
resulting in a disadvantage rather than an 
advantage in loading. 

It has been mentioned that the ordinary 
use of open delta for three-phase load only 
results in an unbalanced voltage. This is 
due to the fact that the current in one trans¬ 
former is nearly in phase with the voltage 
while in the other it is over 60 degrees 
lagging, as well as to the effect of the 
absence of the third transformer. With the 
combined load which has just been de¬ 
scribed, however, the currents in bo 
transformers are not far out of phase with 
the voltage, which results in less unbalance 
in regulation. Even when the single-phase 
load is not operating, as will be the case 
part of the time, the fact that the trans¬ 
former carrying the low power factor is 
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Figure 2. Example 
of use of open delta 


larger than the other and hence has lower 
actual impedance tends to keep the voltage 
in better balance than it would be with two 
transformers of equal size. 

There is the obvious question, of course, 
as to how such an open-delta installation 
compares with a closed-delta connection for 
the same purpose. Although a balanced 
three-phase load served by a balanced delta- 
delta transformer installation (all three 
transformers of the same size) results in 


25-kva and two 5-kva transformers, assum¬ 
ing similar impedances, the 25-kva trans¬ 
former carries 36.5 per cent more current 
than it would if all three were 5 kva. The 
5-kva transformers in the unbalanced group 
carry 87.5 per cent of the current which 
they would have if all three were of the 
same size; this current is shifted 20 degrees 
45 minutes, being advanced in one and re¬ 
tarded in the other from the power-factor 
angle of the load. 



STREET 


Figure 3. Example 
of use of open delta 


equal loads on the three transformers and in 
balanced voltages, if the transformer instal¬ 
lation is not balanced, but is made up of one 
large transformer and two smaller ones, the 
loading and voltages are unbalanced. The 
current in the larger transformer is larger 
than that in the smaller ones, with its phase 
angle remaining the same as that of the load. 
In one of the smaller transformers, however, 
the current is advanced in phase while in 
the other it is retarded. This is shown vec- 
torially in Figure 6. For example with a 


If a single-phase load is now added across 
the phase with the larger transformer, part 
of it will be carried by the two smaller 
transformers in series (for 25 and 5 kvas the 
proportion will be 1/11). This single-phase 
component in the smaller transformers is 
far out of phase with the three-phase load 
currents, and the effect of the vectorial 
addition is to increase the actual resultant 
current in one of the smaller transformers 
and decrease it in the other, as indicated in 
Figure 7. For usual cases, the total load 
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Figure 5. Open-delta voltages and currents. 
Three-phase and single-phase loads 


which can be carried by an unbalanced 
delta-delta group is limited by the capacity 
of that one of the smaller transformers 
which has the larger current; both the 
larger transformer and the other smaller one 
will be underloaded when this one is loaded 
to its full capacity. This does not make for 
efficient use of transformer capacity nor is 
the voltage well balanced on such a com¬ 
bination, since each transformer has a 
different power factor, as well as a different 
proportion of loading. 

For example, with the combination of a 
25-kva and two 5-kva transformers with 
similar impedances, the maximum combined 
load, for single-phase load at unity power 
factor and three-phase load at 80 per cent 
power factor, is about 20-kva single-phase 
and 12-kva three-phase, or a total of 32 
kva on 35 kva of transformer capacity 
(Load/Transformer capacity = 0.915). For 
the 25-kva and one 5-kva in open delta, the 
maximum combined load would be about 
22.5 kva, single phase and 8.7 kva, three 
phase, or a total of 31.3 on 30-kva trans¬ 
former capacity (Load/Transformer capac¬ 
ity = 1.05). The latter evidently has about 
15^ per cent advantage in load-carrying 
ability. 


Table I 




Closed Delta 

Open Delta 

Total 

transformer ca- 



pacity. 

...13.0 kva 

. 11.5 kva 


Three-phase at 


Load 

78 per cent 
power factor.. 

... 3.6 kva 

. 2.6 kva 

Single-phase at 




100 per cent 
power factor, . 

... 9.5 kva 

. 10.0 kva 

Total. 

f 13.1 kva 

. 12.6 kva 



' l!2.32kw 

. 12.0 kw 

Ratio: 

Load in kva 


. *1.09 

Transformer capacity 

Relative load ratio. 

.—-1.08 



1.01 


Transformer currents... 

(43.6 
•< 6.7 

. 44.2 
. 6.6 



( 2.71 

. 0.0 

Phase voltages. 

(240.2 

<238.2 

.240.4 

.238.2 



(234,6 

.235.8 

Maximum difference in 


phase voltages. 

Maximum deviation 

...5.6 volts. 

4.6 volts 

from average voltage.. 

...3.1 volts. 

2.3 volts 


* In both cases the transformers were slightly- 
overloaded, thus giving ratios larger than unity in 
each case. The relative ratios are significant, how¬ 
ever. 
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Figure 6 

(a) . Line voltages 

and currents 

(b) . Closed - delta 
voltages and cur¬ 
rents— three - phase 

load 


The example which has been given is 
based on a calculation of load division, as¬ 
suming transformers of similar impedance 
and taking no account of the effect of volt¬ 
age unbalance on the load. The results of 
an actual test will, therefore, be interesting 
for comparison. One 10-kva and two l x / 2 - 
kva transformers were used with resistances 
of 0.83 and 1.53 per cent and reactances of 
1.8 and 1.4 per cent respectively. The re¬ 
sults in Table I of this discussion were 
obtained. 

It is evident that the open delta has a 
load-carrying capability eight per cent 
greater than the closed delta and at the 
same time maintains a somewhat better 
voltage balance, to the extent of about one 
volt. 

In addition to the points which have been 
mentioned, the open delta has some other 
advantages. With closed delta, if the larger 
transformer burns out, the smaller ones at¬ 
tempt to carry the load and, unless indi¬ 
vidually protected by fuses against such a 
condition, are likely to burn out also. This 
cannot happen with open delta. The con¬ 
venience and economy of having to install 
only one small transformer instead of two 
(in order to give three-phase service where 
single-phase is already available) has been 
mentioned and is a very real point in favor 
of open delta. Voltage dips on the phase 
carrying the lighting load caused by three- 
phase motor starting are of about the same 
order on equivalent installations of either 
open or closed delta. 

Since combined single-phase and three- 
phase load is frequently served by three- 
phase wye-connected transformer installa¬ 
tions, with four-wire secondary circuits at 
120/208 volts, the question of how open 
delta compares with this practice is per- 


SINGLE-PHASE 
LOAD 






3-PHASE 

LOAD 



Figure 7. Closed-delta voltages and currents. 
Three-phase and single-phase loads 


tinent. The wye-connection has consider¬ 
able advantage for large loads where the 
single-phase load can be conveniently di¬ 
vided among the three phases and where the 
transformers are relatively large compared 
with the starting currents of the motors 
which are served. It is well adapted to the 
heavy secondary network serving dense 
commercial areas, where it is most com¬ 
monly used. For distribution in lighter 
commercial and residential areas, however, 
this type of secondary is usually not de¬ 
sirable. Three-wire single-phase secondary 
circuits are preferable in such areas, for the 
sections where there is only single-phase load 
and many of the services are relatively small. 
Occasional three-phase services can be con¬ 
veniently served by "spot” installations of 
open delta, as shown in Figures 1 and 2 of 
this discussion. The voltage dip on the 
lighting services, caused by motor starting 
currents in such cases, is considerably less 
with open delta than it would be if the same 
transformer capacity were divided between 
three phases with lighting on each. 

It is recognized that there are some con¬ 
ditions under which these advantages for 
open delta will not materialize. If the three- 
phase component of the load is quite large, 
compared with the single-phase, a closed- 
delta installation may be more suitable. 
It has been found, however, that, in general, 
the open delta is favorable for combinations 
in which the single-phase is at least two 
thirds as much as the three-phase (in kilo¬ 
volt-amperes). There may also be uses in 
which the characteristics of the load or the 
transformers to be used may modify the 
general rules. For the usual situations, 
however, the advantages which have been 
discussed are real and practicable. 
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J. E. Clem: H. B. Wolf and G. G. Mattison 
mention a case in which motors for textile 
plants were unable to operate from an open- 
delta bank with the voltage unbalanced at 
six per cent. This is very interesting and 
indicates that the operation of such motors 
from open-delta banks must be scrutinized 
more carefully now than in the past. 

In the discussion presented by Mr. Kim- 
bark and also in the discussion presented by 
Miss Clarke and Mr. Peterson, it is said 
that balanced secondary voltages can be 


obtained by the use of a reactor placed in 
series with the common line to the two re¬ 
maining transformers of the open-delta 
bank. This is true and has been known for 
many years, having been given in one place 
by C. LeG. Fortescue on page 410 of the 
fourth edition of the Standard Handbook. 1 
This method of approach is impractical be¬ 
cause the regulation is three times that for the 
complete delta bank. This fact is also men¬ 
tioned by the discussers, and it, therefore, 
appears that there is general agreement on 
this method of solution. 

Mr. Kimbark gives equations which he 
proposes for use to obtain the values of cor¬ 
rective capacitance necessary to produce 
reasonably balanced regulation on the open- 
delta bank. Mr. Kimbark does not give 
any development to support these equation^. 
Applying Mr. Kimbark’s method to the 
case shown in Table I of my paper, which is 
Figure 4 of the Wolf-Mattison Paper, we 
find that the capacitance currents would be 
401 amperes for phase B C, 938 for phase BA, 
and 1,190 for the total. Actually, the values 
used by Wolf and Mattison for this case 
were 350, 700, and 900 amperes respectively. 

Miss Clarke and Mr. Peterson suggest 
the use of capacitors in series with two of the 
lines supplying the remaining transformers 
of the open delta, and, again, the discussers 
point out the limitations of this method in 
that it does not balance the secondary 
voltages, but rather eliminates the reactive 
components of the voltage drop between 
primary and secondary circuits. In addi¬ 
tion, the use of series capacitors involves 
greater engineering problems than the use 
of shunt capacitors. 
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Steady-State and Transient- 
Stability Analysis of 
Series Capacitors in 
Long Transmission Lines 


Discussion and authors' closure of paper 43-13 
by J. W. Butler, J. E. Paul, and T. W. 
Schroeder, presented at the AIEE national 
technical meeting. New York, N. Y., Janu¬ 
ary 25-29, 1943, and published in AIEE 
TRANSACTIONS, 1943, February section, 
pages 58-65. 


John G. Holm (Stone and Webster Engi¬ 
neering Corporation, Boston, Mass.): Any¬ 
one who is interested in the subject of long- 
line performance under normal and fault 
conditions will welcome the very fine paper 
presented by the authors. With opinions 
among engineers divided as they are on the 
subject of the best means applicable for the 
increase of transmission-system stability, 
the authors' paper is an important step for¬ 
ward in that it analyzes the series-capacitor 
compensation of a line in a transient state 
and approximately outlines the line length 
for which it may best be applied. 
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I agree with the authors that in existing 
lines of 150-175 miles in length where gen¬ 
erators and circuit breakers cannot be re¬ 
placed, the series-capacitor compensation is 
one of the most expedient and economical 
means of increasing the line-stability limits. 
(Resistor grounding of the sending-trans¬ 
former neutral, insulation permitting, and 
shunt reactor on the generator bus are other 
methods for the increase of the stability 
limits of such lines.) I doubt, however, if 
in new projected lines of this length the 
series-capacitor compensation will provide 
the best means for lifting the stability limits, 
even though these lines are electrically 
heavy in relation to the transmission volt¬ 
age. That in such lines means will have to 
be provided in order to take care of sta¬ 
bility properly remains beyond doubt; but 
I think that means such as low generator 
transient reactance, high short-circuit ratio, 
high generator inertia, and high-speed cir¬ 
cuit breakers will prove to be the more ef¬ 
ficient and economical, as well as sufficient 
for these lines. 1 

It seems to me that the 300-mile length 
the authors selected for the transient-sta¬ 
bility study of two-circuit lines is about the 
best and most suitable length for the effi¬ 
cient and economical application of series- 
capacitor compensation, disregarding the 
question of critical materials. 

As the authors point out, there is an 
optimum series-capacitor compensation for 
each electrical length of the line. I doubt 
if in lines 400 miles and longer one could go 
above a 75 per cent capacitor compensation. 
For even if this compensation should prove 
to represent for such lines the optimum 
value from the viewpoint of stability limits 
(and this may not necessarily be the case), 
such a compensation will probably leave a 
line of this length operating below its total 
over-all efficiency and with generally less 
desirable operating characteristics. Thus 
the most economical and generally most 
satisfactory condition of operation may not 
be attained, for a 75 per cent capacitor com¬ 
pensation of a 450-mile line, or longer, may 
not leave enough reactance for favorable 
operation of the line. Moreover, as pointed 
out by the authors, since the series capacitors 
used for the purpose would have to be of 
higher than normal dielectric strength, in 
view of the possible series-resonant condi- 
tions m the circuit, 2 the 287-345-kv voltages 
wffich will be used with lines of such length 
will place economic limitations on the series 
capacitors required. Hence, again disre¬ 
garding the problem of critical materials, 
where the series-capacitor compensation has 
no rivals, it seems to me that from 200 to 
a little below 400 miles constitutes the 
region where series capacitors may be ap¬ 
plied to best advantage. The value of the 
paper, I think, is in analyzing the optimum 
series-capacitor compensation in a faulty 
me and in removing any doubts as to the 
benefits which may be obtained from their 
application in lines plus or minus 300 miles 
long. 

In the details of the paper there are a few 
points on which perhaps the authors would 
be willing to make a few additional com¬ 
ments: 


2. The receiving system was represented by two 
different values of reactance for steady-state and 
transient-stability studies. Was it intended that the 
receiving-system reactance represent a load on the 
system? If so, why is the infinite-bus representa- 
tion adopted? It is a general understanding that 
the infinite bus indicates such a large synchronous 
capacity connected to the receiving end that the 
frequency and voltage are absolutely unaffected by 
conditions external to the bus; thus the use of the 
infinite bus seems to imply that the load is not con¬ 
sidered. Whatever the receiving-system reactance 
represents, either primary distribution system or the 
load, on what basis were its values selected by the 
authors? * 

T h f margin curves of Figure 3 cross some of 
the stability-limit curves at more than one point. 
Why should it be so? 

Since the authors made a very valuable 
step forward in the study of series-capacitor 
compensation, it may not be out of place to 
discuss the next necessary phase of the 
study, so that the problem may be further 
clarified. The series capacitor is merely 
one of the methods applied for the increase 
of system-stability limits; various other 
methods may or may not be used jointly 
with it. The only method, however, whose 
counterpart it represents is the intermedi¬ 
ate-synchronous-condenser method. These 
are. the two methods which more or less 
divide the engineering opinion. In so far 
as I know, the late C. L. Fortescue, for 
example, decidedly favored the intermediate 
synchronous condenser. It is therefore be¬ 
tween these two methods—all other factors 
being identical—that a thorough comparison 
still remains to ‘be made. Omitting the 
temporarily existing situation of the lack of 
critical .materials, which alone would swing 
t e decision to the side of the series capaci* 
tor, the effect of either the series capacitor 
or of the intermediate condenser on the 
highest stability limits on the over-all 
operating characteristics and on the total 
system cost (at prewar levels, of course) 
still remains to be studied. Both the capaci¬ 
tor and the condenser require intermediate 
switching substations of approximately 
equal cost. It remains to be investigated 
“ , at , types atld f °r what length of line 
the lowlsr cost of the series capacitors will 
result m smaller total capital and annual 
costs and in better operating characteristics 
than those obtainable with the more expen¬ 
sive intermediate condensers. Thus far it 
cannot be stated on which side the balance 
will be, and to what it will amount. The 
authors have an opportunity that few engi¬ 
neers have for attacking what may be the 
final and most important step in the total 
solution of the problem, an important phase 
of which they have presented so notably. 
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lines exceeding 300 miles in length series 
compensation appears to be necessary. It 
was of interest to make a comparison from 
Figure 8 of their paper of the relative costs 
of series compensation versus increase in 
short-circuit ratio for a line length of 300 
miles, in order to transmit, for example, 
2.65 kv 2 per circuit with a 20 per cent 
steady-state-stability margin. This corre¬ 
sponds to 140,000 kw over a 230-kv line. If 
published generator-price additions for in¬ 
crease in short-circuit ratio are used, a 
short-circuit ratio of about 2.0, depending 
upon.generator speed and rating, is equiva¬ 
lent in cost to series compensation of 25 
per cent at eight dollars per capacitor kilo¬ 
volt-ampere. For greater line loadings, it 
becomes more economical to use series 
compensation also than to increase the 
generator short-circuit ratio further. Series 
compensation is less necessary for smaller 
line loadings, as the required steady-state 
margin can be obtained more economically 
by. increases. in short-circuit ratio alone. 
This comparison, although very approxi¬ 
mate, indicates that for transmission dis¬ 
tances of 300 miles, a short-circuit ratio of 
the order of about 1.7 to 2.3 is probably 
justified, with or without series compensa¬ 
tion. Similar comparisons as regards tran¬ 
sient reactance and generator WR} can be 
made from the curves in the paper. 


1. If there were synchronous condensers at the re- 
cemng end of the system, in what kilovolt-ampere 
SHE*? Were P*«d * the various lines 
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S. B. Crary (General Electric Company 
Schenectady, N. Y.): The authors have 
presented a valuable guide for the rational 
application of series capacitors to long¬ 
distance transmission lines. 

As stated in their conclusions, projected 
systems with transmission distances within 
the range of 200 to 300 miles may or may not 
require series compensation, whereas for 

Discussions 


R. D. Evans (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa..). The authors have made a worth¬ 
while contribution on the use of series capaci¬ 
tors on transmission circuits. The value of 
the paper lies in the curves which give the 
results of stability calculations for a wide 
variety of conditions. These should prove 
useful in general studies involving the 
longer transmission distances. 

The results of the studies are given in 
terms of certain per-unit quantities. This 
system is to be preferred to one, based on 
surge-resistance loadings, proposed by as¬ 
sociates of the authors in the paper listed as 
reference 3. Examination of several figures 
in the present paper shows that the con¬ 
templated transmitted loads are consider¬ 
ably different from the surge-resistance load- 
ing, particularly when series capacitors are 
used. In fact, it appears that the develop¬ 
ment of the series-capacitor scheme is al¬ 
ready rendering obsolete the use of a per- 
unit notation for long lines based on surge- 
resistance loading. 

. In the present paper the studies of tran¬ 
sient stability include comparisons of sys¬ 
tems without reactance compensation and 
with several values obtained by series 
capacitors. For faults close to capacitor 
locations the transient studies have been 
based on capacitors which were promptly 
short-circuited upon the occurrence of a 
fault and which were restored quickly to the 
system after the faulted circuit was cleared. 
This procedure is in line with the proposal 
by Professor Starr and myself in reference 4 
of the paper; it is quite different from that 
used by associates of the authors in refer¬ 
ence 3 of the paper. 

In connection with the transient-stability 
studies of two-circuit fines, it may be pointed 
out that these are limited to conditions in¬ 
volving three-phase faults. We presume the 
authors have not intended to imply by in- 

AIEE Transactions 



eluding only this type of fault that it only 
should be used for the basis of determining 
circuit ratings. Instead, we presume that 
the data on the three-phase fault have been 
included as a means for giving some infor¬ 
mation on the problem without the trouble 
of the more elaborate calculations required 
for unbalanced faults. For specific systems 
we are of the opinion that all types of faults 
should be investigated but that principal 
consideration should be given to the types 
and locations of faults which are most likely 
to be encountered. As the double line-to- 
ground fault is usually the most severe type 
of fault that is encountered with frequency, 
it is our opinion that this should be used 
normally in transient-stability studies to 
determine circuit rating. 

The principal conclusion of the paper is 
that reactance compensation is an effec¬ 
tive method for increasing the transient 
and steady-state stability limits of transmis¬ 
sion systems. For most systems involving 
transmission from a hydroelectric source to 
a load center, continuity of service requires 
the maintenance of stability under transient 
conditions. Consequently, the principal 
conclusion is that reactance compensation is 
an effective method for increasing the tran¬ 
sient-stability limits of systems. 

The conclusions of the paper, in our opin¬ 
ion, while not particularly novel, are never¬ 
theless sound. It is reassuring that the two 
groups of engineers actively studying the 
long-distance transmission problem should 
be in substantial agreement concerning the 
use of series capacitors on transmission cir¬ 
cuits as an economical and practical method 
of increasing circuit rating. 

J. W. Butler, J, E. Paul, T. W. Schroeder: 
All discussers of this paper have read into 
the conclusions more definite limitations 
concerning the line length at which react¬ 
ance compensation is applicable than the 
authors intended. While it appears, as 
stated in conclusion 4, that reactance com¬ 
pensation is a fundamental requirement for 
transmitting economic blocks of power over 
lines above 300 miles in length, it is felt 
that for shorter distances the series capaci¬ 
tor may still prove justifiable, particularly 
in existing systems. For the series capacitor 
to be justified in the shorter line lengths, 
the loadings will have to be greater than that 
corresponding to unity-power-factor loading 
with no reactance compensation, which is 
generally considered desirable from an 
operating standpoint. But the application 
of series capacitors should be, considered 
along with or in addition to other stability- 
increasing means, from an economic stand¬ 
point, as discussed in conclusion 3. Here it 
should be emphasized that, as series capaci¬ 
tors are employed, the unity power-factor 
loading increases, since the capacitors can 
supply the line PX t in addition to that sup¬ 
plied by line-charging kilovolt-amperes. If 
it is desired to operate at loadings greater 
than the uncompensated surge-impedance 
loading and to depend for stability on means 
other than the series capacitor, the addi¬ 
tional line I 2 X must be supplied by ter¬ 
minal apparatus. 

Mr. Crary has indicated how one sta¬ 
bility-increasing means, increased generator 
short-circuit ratio, may be compared eco¬ 
nomically with reactance compensation, as 
suggested in the preceding paragraph. 


Mr. Evans' statement that associates of 
the authors in their paper listed as reference 
3 propose a kilovolt-ampere or kilowatt base 
of the surge-impedance loading (2.5 kv 2 for 
a line having a surge impedance of 400 
ohms) rather than a base of kv 2 as used in 
the present paper, indicates his absence of 
familiarity with the paper listed as reference 
3. It was in that paper that the use of kv 2 
as a very convenient base was first proposed, 
and all curves showing results of analyses 
made are in terms of such a base. In that 
paper the surge-impedance loading was 
used only in referring to existing uncom¬ 
pensated lines, and the fact that series 
capacitors increase the surge-impedance 
loading was recognized by the statement: 

“If series capacitors are used without shunt reac¬ 
tors, the over-all effective surge impedance is re¬ 
duced, and it is possible to deliver more power at 
unity power factor per kv 2 for the same distance.” 

Further, it seems that Evans’ and Starr's 
proposal (in reference 4) for protective 
equipment is no different from that sug¬ 
gested by associates of the authors in the 
paper listed as reference 3 in which they 
say: 

"The optimum arrangement (of capacitors) can be 
determined by a study of the particular case under 
consideration. Protective equipment similar to 
that used with present-day lower-voltage installa¬ 
tions could be used to protect them during abnormal 
conditions.” 

Mr. Evans’ assumption that the three- 
phase fault was used in this study to obtain 
the results quickly and simply is correct. 
This type of fault, used for all transient 
studies, also gives the worst possible condi¬ 
tion, hence its use is conservative. 

The authors listed what Mr. Evans 
terms the “principal conclusion” first, be¬ 
cause it was thought logical, rather than 
novel. It is indeed far from novel, and any 
of the other conclusions certainly exceed it 
by far in novelty and usefulness. 

Concerning other means of raising sta¬ 
bility limits suggested by Mr. Holm, it 
should be borne in mind that resistor ground¬ 
ing of transformer neutrals will raise the 
transient but not the steady-state limit. 
The shunt reactor may be used where load¬ 
ings are under the unity-power-factor load¬ 
ing, and hence excess fine charging tends to 
remove generator excitation without their 
use, but for heavier loadings existing gen¬ 
erators may not have the excitation ca¬ 
pacity to supply kilovars to shunt reactors, 
and new generators can have short-circuit 
ratio built into them more economically. 

Figure 7 of the paper shows that, above 
75 per cent compensation in a 300-mile line, 
the steady-state power limit drops off rapidly 
for ordinary ratios of receiving-end to 
sending-end voltage, because power begins 
to be controlled by voltage rather than by 
angle difference. As Mr. Holm suggests, 
even at 400 miles the optimum compensa* 
tion would probably not be much greater 
than 75 per cent, though increased line 
length is in the direction of making the 
optimum larger. 

The series-resonant conditions referred to 
by Mr. Holm as requiring extra margin in 
series capacitors in reality will not require 
such extra margin, as these conditions are 
to be avoided. This overvoltage, analyzed 
in Mr. Holm's reference 2, is possible even 
without series capacitors and it occurs if a 
lightly loaded or unloaded transformer is 


left at the far end of a long fine and only in 
certain regions of length. If extra margin is 
required in capacitor dielectric, it will be 
desirable for stability reasons not to have 
the capacitor protective equipment function 
because of swing currents after fault re¬ 
moval. 

To answer the specific questions raised in 
Mr. Holm’s discussion: 

1. Excitation as needed to hold the indicated 
voltage was supplied from the infinite system at the 
receiving end. In the actual case this might very 
well be done in part by synchronous condensers in 
the system near the receiving end of the line. 

2. The receiving system reactance used in. the 
study represented the low-voltage system including 
generator reactance. Since it was reduced from 
0.15 per unit to 0.10 in going from steady-state to 
transient conditions, some generator reactance was 
included. It was not necessarily the intent to call 
the receiving system infinite. Its inertia was so 
represented simply for convenience, and any re¬ 
ceiving-system inertia may be considered, because 
in cases such as the ones studied where the receiv¬ 
ing-end mechanical torque is the negative of the 
sending-end mechanical torque (neglecting losses), 
two systems of inertias Hi and Hi may be repre¬ 
sented as one system of inertia Ha against an infinite 
system, where Ha — HiHi/(Hi+H<i). 

3. All curves in Figures 1, 2, and 3 will cut the 
zero margin line at two points, indicating two power 
limits for any value of compensation. The upper 
limit is dictated primarily by the transfer reactance, 
consisting of machine, transformer, line, and receiv¬ 
ing-system reactance. The lower limit occurs at 
low loads and is dictated primarily by excitation, 
or lack of it, because of the otherwise unused line¬ 
charging kilovolt-amperes at such low loads. It is 
this condition that causes the switching time curves 
showing the results of the transient studies to bend 
under at low loads. 

Mr. Holm suggests a comparative study 
be made of series capacitors and inter¬ 
mediate synchronous condensers. In the 
paper by Miss Clarke and Mr. Crary fisted 
as reference 3, the effectiveness of inter¬ 
mediate stations lias been studied. They 
state, in part: 

"In order to obtain an appreciable benefit by this 
method and so make it of practical importance, the 
intermediate system or station must have a rela¬ 
tively large kilovolt-ampere rating (or low reactance) 
compared to the power transmitted. It has not 
been considered economical to install synchronous 
condensers for this purpose alone.” 

These statements are borne out by the 
curves in Figure 6 of their paper, which we 
may use for a brief approximate analysis. 
This figure shows that the steady-state- 
receiver power limit for a 600-mile 60-cycle 
conventional line is about 2.0 kv 2 , and that 
it may be increased to about 2.5 kv 2 by 
use of one intermediate condenser of 0.50 
per-unit reactance on a 2.5 kv 2 base. If 
we call Xequiv-0.80 for a condenser, the 
condenser* kilovolt-amperes required is 
(0.80/0.50) X2.5 kv 2 = 4.0 kv 2 . If one takes 
the price ratio of capacitors to condensers 
of 8/5, for this size installation this con¬ 
denser would buy (5/8)X4.0 kv 2 or 2.5 kv 2 
of series capacitors, which, for a through 
load of 2.5 kv 2 (that the condenser would 
permit) or 2.5 per-unit amperes, would give 
a series capacitive reactance of per-unit kva/ 
(per-unit amperes) 2 = 2.5/(2.5) 2 = 0.40. On 
a kv 2 base a 600-mile line has about 
(0.8X600)/1000-0.48 per-unit ohms; hence 
the same investment would permit a re¬ 
actance compensation of 83.3 per cent, 
which would increase the power limit of 
the line considerably above the 2,5 kv 2 
afforded by the condenser. Extrapolation 
to 600 miles of the curves in Figure 4 of the 
present paper would permit an estimate of 
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a steady-state limit of perhaps 5.0 kv 2 for 
terminal reactances somewhat smaller than 
those used in Figure 6 of reference 3. 

Pi lot-Wire Circuits for 
Protective Relaying— 
Experience and Practice 

Discussion and author’s closure of paper 43-27 
by the AIEE relay subcommittee of the com¬ 
mittee on protective devices, presented at the 
AIEE national technical meeting, New York, 
N. y., January 25-29, 1943, and published 
in AIEE TRANSACTIONS, 1943, May sec¬ 
tion, pages 210-14. 


W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The collection of information on experience 
with pilot-wire circuits for protective relay¬ 
ing should lead to a more widespread em¬ 
ployment of this form of protection in 
making possible marked savings in major 
equipment. In addition to the critical 
examination of the per cent availability of 
pilot-wire circuits, other factors affecting the 
over-all performance of the protective sys¬ 
tem may well be considered. Experience 
has shown that excellent reliability and 
freedom from false operations may be 
secured by using either privately owned or 
leased circuits, provided the following major 
requirements are met: 

1. The relay equipment should be immune to false 
tripping (in the presence of load current alone) in 
case the pilot-wire circuit is momentarily short- 
circuited, open-circuited, or grounded, or in case 
moderate extraneous voltages are momentarily 
introduced. Directional-comparison schemes of 
pilot-wire relaying are inherently immune to such 
disturbances, and in some instances directional fault 
detectors using current and voltage have been used 
to interlock pilot-wire relays of the two-wire dif¬ 
ferential type. 

2. Adequate supervision of the condition of the 
pilot-wire circuit should be provided to detect de¬ 
fects and remedy them before the relay equipment 
is called upon to operate. Continuous supervision 
has been found particularly valuable in this connec¬ 
tion, and supervision against high-resistance 
grounds on the circuit has resulted in detecting 
incipient pilot-wire short circuits or open circuits 
some hours (or even days) in advance of the pilot- 
wire circuit failure (since a single ground does not 
interfere with, operation). 

3. Thorough and proved measures should be em¬ 
ployed to prevent momentary disturbances to 
pilot-wire circuits caused by rise of ground potential, 
induction, or other causes which by their nature 
occur at the same time as a power-system fault for 
which the relays must discriminate. 

Mention is made of the ability of the 
"newer schemes" to provide both phase and 
ground protection and also to broaden appli¬ 
cation to cover greater distances. It is 
believed that the subcommittee intends this 
discrimination between early three-wire a-c 
pilot-wire systems and more recent develop¬ 
ments, rather than between d-c-operated 
directional comparison schemes which have 
been in general use since about 1930 and the 
two-wire low-energy a-c differential pilot- 
wire equipment appearing some seven years 
later. Even the most recent types of a-c 
two-wire differential schemes have been 
found to be limited to appreciably shorter 
lengths of pilot-wire circuits than can be 
used with d-c directional-comparison 


schemes. In a recent application it was 
therefore necessary to choose d-c pilot- 
wire relays on account of the length and 
characteristics of the available pilot-wire 
circuits. 

The results of the subcommittee investi¬ 
gation indicate some confusion in the matter 
of guarding against rise of ground potential 
and this is a very important point in the pre¬ 
vention of pilot-wire disturbances concur¬ 
rent with power-system faults. The follow¬ 
ing suggestions are offered: 

1. The use of three-winding neutralizing trans¬ 
formers on the pi lot-wire circuits is strongly recom¬ 
mended for the usual application. 

2. Extreme caution is required in segregating all 
portions of the circuit on the station side of the 
neutralizing transformer from any equipment which 
might be at remote ground potential and vice versa. 

3. The use of staged fault tests to ground is highly 
recommended for checking on the over-all effective¬ 
ness of voltage neutralization and discovering diffi¬ 
culties which might otherwise be obscured. 

Some common causes of trouble in con¬ 
nection with rise of ground potential are: 

1. Plain and simple confusion based on the mis¬ 
conception that "a ground is a ground.” 

2. Communication circuits in which a momentary 
interruption during a power-system fault may be of 
little consequence are sometimes not provided with 
neutralizing transformers or other potential gradi¬ 
ent equipment. Operation of carbon protectors on 
these circuits during power-system faults may in 
effect by-pass the neutralizing transformer protec¬ 
tion installed on pilot-wire circuits at the same sta¬ 
tion. 

3. The overenthusiastic use of carbon protectors 
may nullify an excellent protective system. 

4. Lack of thorough discussion may result in fail¬ 
ure to co-ordinate the protective equipment of the 
power company and the communication company 
from which circuits are leased. 

5. Common neutral distribution circuits, trans¬ 
mission-line ground wires, and so forth, may extend 
the field of station ground influence to an unsus¬ 
pected extent and thus destroy the effectiveness of 
remote ground installations. 


H. P. Sleeper (Public Service Electric and 
Gas Company, Newark, N. J.): This 
paper on pilot-wire relaying seems definitely 
in order for three reasons: 

I. It has been several years since the subject has 
been discussed before this group. 

2. This branch of the protective-relaying art is 
definitely rising in popularity on the list of relay- 
parade schedules. 

3. The art of pilot-wire relaying has made decided 
advances in the last few years, its scope of applica¬ 
tion has been extended, and its economies of appli¬ 
cation have been enhanced. 

Without attempting to review or analyze 
the history or development of this art, it 
seems to this commentator that three major 
factors have tended to popularize the use of 
this type of protection. The first is the 
development of schemes which enable 
standard relays to be used with pilot-wire 
interconnections to obtain high-speed dif¬ 
ferential protection of transmission circuits. 
Examples of this are the use of directional 
relays to compare fault-current flows at the 
ends of such a circuit. Another is the use of 
the pilot-wire channel to transmit blocking 
signals between sets of standard carrier-cur- 
rent relays when the latter encounter tech¬ 
nical or economic difficulties in a particular 
application. 

The second factor has been the develop¬ 
ment of a simple network type of pilot-wire 
relay which is small in size, economical to 


apply, simple to test in service, independent 
of potential connections, yet supplying phase 
and ground protection in a single unit, and 
which has proved very successful in opera¬ 
tion. 

A third factor is the developments which 
permit standard-gauge telephone circuits to 
be used as the pilot conductors. It is not 
many years ago that all relay schemes of 
this type required low-resistance pilot con¬ 
ductors, and such sizes as number 6 (B. & S. 
gauge) were commonly employed. Ob¬ 
viously, the economics were against the ex¬ 
tension of such schemes, and long-line appli¬ 
cations were not considered, the usual instal¬ 
lation being for distances of fractions of a 
mile. Today circuit sizes as small as number 
24 (B. &S.) are in use, and a circuit of 27 
miles in length is reported in the subject 
paper. Much longer pilot circuits can be 
used, even with the small gauge telephone 
wires with certain relay schemes. 

It is this observer’s opinion that pilot- 
wire relay protection has a definite place in 
the art of protective relaying today. There 
arise from time to time certain applications 
where this general scheme is definitely supe¬ 
rior economically to any other. This is 
usually where short sections of a system are 
to be protected. The degree of protection 
afforded is equal to that of any of the stand¬ 
ard modern relays on such applications. On 
longer lines the chief competitors are dis¬ 
tance relays and carrier relays. On fines up 
to 25 miles, the annual costs of pilot-wire 
relays and carrier pilot relays are not very 
different. 

The writer is associated with an electric 
utility company which has in operation pilot- 
wire relay protection on approximately 70 
miles of three-phase transmission circuits. 
Two circuits totaling 10 miles operate at 
26 kv, and eight circuits totaling 60 miles 
operate at 132 kv. Leased pilot circuits are 
employed throughout. On most of the 
longer circuits it has been the practice to- 
install neutralizing transformers in the pilot 
wires, for longitudinal voltage reduc¬ 
tion. The leased circuits have had all 
branch tap circuits removed so as to mini¬ 
mize pilot circuit troubles. All of these cir¬ 
cuits are in lead cable and are mostly under¬ 
ground. No heat-coil protection is used* 
but standard 300-volt gaps are installed on 
both wires at all intermediate central offices 
and at terminals. The pilot circuits are 
continuously and automatically supervised. 

In choosing a protective-relay scheme for 
a given application there are many factors 
to be considered, involving the financial, 
engineering, and operating aspects. One of 
the latter factors which a relay engineer 
should not overlook in deciding between, for 
example, carrier pilot relays and pilot-wire 
relays, is the operating results reported for 
both types of protection. The figure of 
96.5 per cent correct operation reported in 
this paper is good, but in this writer’s 
opinion is not good enough. It does not 
equal the figures which have been reported 
frequently for other types of protection. 

It is important to inquire further into the 
causes of the incorrect operations. It is 
unfortunate that the committee compiling 
this paper was unable to do this. No at¬ 
tempt was made to report all causes of incor¬ 
rect operations, and the only troubles given 
are causes of interruptions to the pilot-wire 
circuits. These may or may not have been 
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the causes of the wrong relay operations. 
Furthermore, no statement has been given 
as to the cause of the short circuits, open 
circuits, grounds, and so forth, on the phot 
wires. This is very pertinent information 
and might have a decided bearing on one’s 
choice of a system of relay protection, espe¬ 
cially for application to long transmission cir¬ 
cuits. This would be especially true if the 
causes of the pilot-wire trouble were found 
to be proportional to the physical lengths 
involved. 

One of the causes which falls in the latter 
category in the writer’s experience is the 
matter of pilot-wire troubles caused by what 
we classify as “interference by personnel.” 
All of our pilot circuits are very plainly 
tagged in all central offices as being of the 
emergency type and not to be opened or 
tested without special permission. Yet 
several failures of the pilot circuits have re¬ 
sulted from neglect of such warnings at these 
locations. Furthermore, certain physical 
locations of pilot circuits, such as in man¬ 
hole splices, render special identification of 
pairs practically impossible. Specifically, 
a total of 14 failures of pilot-wire circuits 
from this cause has been experienced in a 
total of 748 circuit-mile years of operation. 

It can be stated therefore that the use of 
facilities of another company in the main¬ 
tenance of devices which affect the opera¬ 
tion of a protective-relay scheme obviously 
increases the personnel errors which are be¬ 
yond the direct control of the operating 
company. This is one reason why fault- 
detector relays are installed sometimes on 
important installations to avoid incorrect 
operations caused by pilot-circuit failures. 

This is not intended to disparage the co¬ 
operation of the engineers of the telephone 
company involved. On the contrary, their 
co-operation has been of the best, and con¬ 
ditions are definitely improving in our ex¬ 
perience. Nor is it the intention in this 
discussion to imply that our experience with 
leased pilot circuits can be classed as unsatis¬ 
factory. In general the service has been very 
satisfactory, and in all fairness it should be 
stated that the difficulties described occurred 
mainly during the early periods of operation. 
It is intended only to point out that when 
utility operating engineers are deciding on 
protective schemes for important power- 
system units, the probability factor of such 
occurrences as described previously should 
be considered in the analysis. 


E. L. Michelson (Commonwealth Edison 
Company, Chicago, Ill.): The survey which 
was made by the relay subcommittee in¬ 
cluded all outages of pilot wires, such as 
those caused by circuit rearrangements and 
replacement of cable in which the insulation 
has reached a dangerously law level. If the 
survey were limited to only those interrup¬ 
tions caused by an actual breakdown of the 
pilot wires while the main line was carrying 
load, the results would be much more favor¬ 
able for pilot-wire relaying. The experience 
in our company indicates that less than five 
per cent of the total number of interruptions 
are those caused by pilot-wire breakdowns. 
All the others are planned interruptions, 
which means that the main transmission 
line is deprived of the pilot wires only during 
those periods when the need for the main 
line is minimum. Therefore, in this respect, 
the continuity of pilot-wire circuits is much 


better than that indicated in the report of 
the subcommittee. 


W. K. Sonnemann: Mr. Brownlee’s dis¬ 
cussion mentions the use of three-win ding 
neutralizing transformers as a remedy for 
induction problems. It should be remem¬ 
bered that there is also available a scheme 
using a two-winding neutralizing transformer 
which is equivalent to a three-winding 
neutralizing transformer for differences in 
station ground potential and which handles 
longitudinal induction as well. As a matter 
of fact, the protection of pilot-wire circuits 
has recently been discussed in a paper 
“Protection of Pilot Wire Circuits” by E. 
L. Harder and M. A. Bostwick in AIEE 
Transactions for September 1942. 1 

There is a difference in opinion, ap¬ 
parently, as to how the relay used with the 
pilot wire should perform in the event of a 
faulty pilot wire. Some operators purposely 
set the relays below load currents for in¬ 
herent supervision of the pilot-wire circuit, 
so that if the pilot circuit is faulty, the cir¬ 
cuit breakers will trip. 

It was pointed out that phase and 
ground-fault protection over only two pilot 
wires has been available by the directional 
comparison means for a longer period of time 
than the new two-wire a-c schemes. Per¬ 
haps the recent popularity of the two-wire 
a-c schemes is explained on the basis of their 
simplicity compared with most directional 
comparison schemes. 

In a continuing investigation of this sub¬ 
ject, I feel that the causes of pilot-wire short 
circuits, open circuits, and grounds should be 
looked into as mentioned by Mr. Sleeper. 
Since this investigation primarily concerns 
the pilot wire itself as a unit in the protec¬ 
tive scheme, I do not believe an investiga¬ 
tion of faulty operations of the over-all 
scheme which may occur and which are 
attributed to defects or accidents not 
directly associated with the pilot wire 
should be considered by this working group. 

Reference 

1. Protection of Pilot-Wire Circuits, E. L. 
Harder, M. A. Bostwick. AIEE Transactions, 
volume 61, 1942, September section, pages 045-62. 


A New Generator 
Differential Relay 

Discussion and author's closure of paper 43-15 
by A. J. McConnell, presented at the AIEE 
national technical meeting. New York, N. Y., 
January 25-29,1943, and published in AIEE 
TRANSACTIONS, 1943, January section, 
pages 11-13. 


E. L. Harder (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The paper by Mr. McConnell is 
commendable in presenting a brief yet com¬ 
prehensive introduction of a new member of 
the relay family circle. If applied within its 
proper application limits it should prove a 
useful member. 

The paper could have been even shorter 


and far more valuable had it omitted raising 
the question of a blind-spot danger with a 
variable slope relay. Every relay has its 
limit of application, this new relay included, 
and the description of what a relay may do at 
currents far beyond any at which it is ever 
applied is neither an asset nor a liability to 
the relay, and certainly no hazard to the 
application. 

Variable slope means simply that as the 
current through the operating and restrain¬ 
ing windings is increased, the restraining 
torque increases in percentage. At small 
currents the restraint may be negligible, at 
larger currents it may amount to 10 per 
cent of the operating torque, at still larger 
currents 25 per cent, 50 per cent and so on. 
Obviously, if the current were carried on up 
to a sufficiently large value, and if the re¬ 
straining electromagnets did not undergo 
saturation in the meantime, a point might be 
reached where the restraining torque was in 
excess of the operating torque so that the 
relay would not operate. The whole ques¬ 
tion is where does this point occur, if it oc¬ 
curs at all? 

One variable slope differential relay is 
designed for operation on secondary cur¬ 
rents, either symmetrical or asymmetrical, 
having an rms symmetrical component up to 
100 amperes, whereas the crossing point oc¬ 
curs at or above 150 amperes. As the relay 
is applied with current transformers that 
result in not over 100 secondary amperes 
(rms symmetrical component) in order to 
secure uniformly high speed operation, there 
is absolutely no danger of misoperation 
from this source whatsoever. This relay 
was developed several years ago for bus pro¬ 
tection and to the best of my knowledge has 
a perfect record of operation both on staged 
tests and in the field. 

W. K. Sonnemann (Westinghouse Electric 
and Manufacturing Company, Newark 
N. J.): The author of this paper has solved 
an old problem in a somewhat different man¬ 
ner. The use of product restraint combined 
with the directional feature is interesting and 
does appear to have limited possibilities. 
However, it must not be concluded that 
this is the immediate and simple answer 
to all of the differential relay problems. It 
is still not possible to apply generator dif¬ 
ferential relays, particularly of the high¬ 
speed type, without due consideration being 
given to the current transformer character- 



Figure 1. Performance of mismatched current 
transformers when common burden is high 
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Figure 2 


istics. If this relay is applied using current 
transformers which are not matched within 
definite limits, there is the hazard that it 
will not trip for the internal fault condition. 
This paper would be materially improved 
if the author had stated the limits permis¬ 
sible in the variation of the current trans¬ 
former characteristics. Such limits have 
been given before for a relay of the summa¬ 
tion restrained variable percentage type. 1 

It is felt that the author has been unduly 
pessimistic in dealing with the case of the 
summation restrained relay, particularly one 
having variable percentage characteristics. 
He has conveniently eliminated the scales 
from Figure 2 of the paper so that the cross¬ 
ing point of the operating and restraining 
coil torque curves can be anywhere. Ob¬ 
viously, if the relay designer does not know 
about this point, if it actually exists, or if he 
neglects it altogether, there is likely to be 
trouble. However, in the summation re¬ 
strained variable percentage differential re¬ 
lay for generator protection, 1 this crossing 
point to all practical purposes does not 
exist. A relay of this type is just as applica¬ 
ble now as it ever was within the limits of 
its application which have been clearly set 
forth. 

h . azard that the P ro duct restrained 
■differential relay will not trip for the internal 



fault condition is severe in the case of cur¬ 
rent transformer reversal. In a paper on bus 
differential protection 2 presented in January, 
1939, it was disclosed that when two dis¬ 
similar current transformers both feed cur¬ 
rent to a common burden which is high, 
there is the possibility that the stronger of 
the two current transformers may actually 
reverse the current through the secondary of 
the weaker. If this should occur with the 
product restrained relay, then the relay 
would view the fault as an external fault 
condition so that the restraining coils 
would actually produce restraining torque 
instead of the operating torque which was 
anticipated in the design of this relay. 
Since the relay has been designed with a 
wide margin of safety for the external fault 
condition, and since the internal fault would 
look like an external fault to the relay, it 
would not trip. 


- x -—v;i V.UU cm uar 

former reversal was first observed, it w 
deemed worthy of further investigatio 
Accordingly a test set-up was made in If 
with'the diagram of connections on Figure 
Here two dissimilar current transformers 
and 2 are arranged to feed current through 
15-ohm resistor. The terminals indicated 
the current circuits for the phase angle met 
are the places in the circuit where the currei 
coils of the phase angle meter were succe 
sively connected to determine the pha« 
angle positions of the currents flowing. I 
each case, the current was referred in phas 
position to the vector potential drop II 
The polar curve shows that at light secor 
dary currents, I A = 1.25 amperes, J fi = 1.2 
amperes and I s = 2.5 amperes, the tw 
secondary currents from the test transform 
ers add together to produce I s as expected i: 
normal operation. However, as the primar 
current was increased, the ability of th 
weaker transformer to do its part in forcin 
current through the common burden wa 
exceeded. This resulted in the seconder 
current of transformer number 1 beini 
swung around in the hooked curve indicated 

r S c CUS 0f Ia ' At secondar y currents o 
b 14.5 amperes, I A = 14 amperes, it will b< 


noted that the curve shows these currents to 
be 155 degrees out of phase. This reversal 
was accomplished with a 15-ohm burden, 
whereas the operating coil of the product re¬ 
strained relay admittedly reaches a maxi¬ 
mum impedance of 65 ohms. 

A question may be raised concerning the 
accuracy of the phase angle meter readings 
under the distorted conditions involving 
saturation as shown in Figure 1. With this 
in mind, and in order to substantiate the con¬ 
clusions reached from a study of Figure 1, an 
oscillogram was taken as indicated in Figure 
2. This oscillogram was taken under the 
same conditions as Figure 1. For the left- 
hand portion, the currents were light so that 
a positive peak of I A lines up with a positive 
peak of I B , the sum of the two producing a 
positive peak of I s as in normal operation. 
This is indicated at "a” on the oscillogram. 
The current through the primary of the cur¬ 
rent transformers was then suddenly in¬ 
creased and it will be noted that at point of 
time “b” a positive peak of I n substan¬ 
tially lines up with a negative peak of I A , 
This oscillogram substantiates the general 
conclusions reached from a study of Figure 

It was stated earlier that the crossing 
point of the torque curves of the author's 
Figure 2 does not exist to all practical pur¬ 
poses for the summation restrained relay 
with variable percentage characteristics. 
The oscillogram, Figure 3, gives adequate 
proof of this point. A source of 220 volts 60 
cycles was connected directly across the 
operating coil of this relay in series with a 
restraining coil, resulting in the relay current 
Ir as shown. Prompt operation of the relay 
was obtained in 0.65 cycles as indicated. 
The wave form of the relay current is not 
sine wave because of the saturating nature 
of the operating coil impedance. However, 
the peak-to-peak value of the relay current 
is the same as a sine wave of 310 amperes 
rms would have. A current of 310 amperes is 
approximately equal to the maximum cur¬ 
rent which could be fed back into a faulted 
generator by eight other generators of the 
same size connected to the same bus. As a 
matter of fact, not all current transformers 
can develop a current of 310 amperes in 
their secondary circuits. It is thus shown 
that there is no need to fear nonoperation of 
the summation restrained variable percent¬ 
age differential relay during an internal fault. 

Summarizing, it is quite possible for cur¬ 
rent transformer characteristics to be mis¬ 
matched to the extent that the product re¬ 
strained differential relay will not trip for the 
internal fault condition. The degree of mis¬ 
match which can be tolerated should be 
stated. Similar limits of application have 
been specified before for summation re¬ 
strained variable percentage relays so that 
it should be possible to do so here. Secondly, 
the discussion of the limitations of the sum¬ 
mation restrained relay is more theoretical 
than practical and should not be taken 
seriously. 


p’ ^ High "® pbed Differential Relay for 
AmETp^t. BOTECTION * W * K * Sonnemann. 

Transa ctions, volume 59, 1940, November 
section, pages 608-12. * 
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A. J. McConnell: Both Mr. Harder and 
Mr. Sonnemann appear to have misunder¬ 
stood the discussion of the limitations of 
variable slope with summation restraint. 
The paper does not imply, let alone state, 
that there is a practical limitation in regard 
to the particular relay previously described 
by Mr. Sonnemann. 1 The variable slope 
characteristic of that relay was used (curve 
B of Figure 1 of the paper) as an example of 
a relatively mild variable slope character¬ 
istic. A review of the paper will show that 
particular reference was made to the 
sharply breaking characteristic of curve C of 
Figure 1 in pointing out the limitations of 
variable slope with summation restraint. 
Nevertheless, since the subject has been 
raised, it is interesting to note that, accord¬ 
ing to Mr. Harder, the relay described by 
Mr. Sonnemann does have a blind spot 
above approximately 150 amperes. How¬ 
ever, for some reason this does not appear to 
be borne out by Figure 3 of Mr. Sonne¬ 
mann’s discussion. 

Mr. Sonnemann objects to the lack of 
scales in Figure 2 of the paper. This illus¬ 
tration was used to show the reason for the 
admitted limitation of variable slope with 
summation restraint. Since Figure 2 of the 
paper accomplishes its purpose, no definite 
values for the co-ordinates are necessary. 

Both Mr. Sonnemann and Mr. Harder 
criticize the lack of stated limits permis¬ 
sible in the variation of the current trans¬ 
former characteristics. This criticism is 
certainly justified, since it is always possible 
to have a combination of high burden and 
poor current transformers capable of causing 
the failure of any differential relay system. 
Before stating the limits, however, Figure 
1 of Mr. Sonnemann’s discussion requires 
comment. 

Since the current reversal depicted by 
Figure 1 of Mr. Sonnemann’s discussion is 
a function of burden and current trans¬ 
former exciting current, both of these fac¬ 
tors must be considered. First, the burden 
of the operating circuit of the product re¬ 
straint relay is, in the significant range of 
operating currents, much lower than the 15 
ohms used to obtain the data for Figure 1 
of Mr. Sonnemann’s discussion. Although 
the maximum burden at low current values 
is, as stated in the paper, 65 ohms, the sharp 
saturation of the operating circuit reduces 
the burden rapidly as the current is in¬ 
creased, the burden being six ohms at five 
amperes and less than one ohm at 60 am¬ 
peres. In fact, the operating circuit voltage 
can increase very little above 50 volts. 
Secondly, current transformer 1 employed 
by Mr. Sonnemann is a rather poor current 
transformer. For example, its exciting cur¬ 
rent begins to increase rapidly at about 37.5 
volts (15 ohms, 2.5 amperes) and has about 
12 amperes exciting current at 70 volts. It 
is thus readily evident from both of these 
factors that the results obtained in Mr. 
Sonnemann’s test have little significance in 
the case in question. 

Inasmuch as such current transformer 
data as core area, secondary resistance and 
exciting current are either awkward to 
apply or seldom available, it is advisable to 
set limits based on more readily obtainable 
information such as ratio correction factor on 
overcurrent. This is permissible since ratio 
correction factor is also a function of current 
transformer exciting current. Accordingly, 


up to a total internal fault current of 150 
amperes (secondary basis), the product re¬ 
straint differential relay should not be used 
with current transformers having a ratio 
correction factor of greater than 1.13 at 20 
times rated primary current and wye burden 
(15 volt amperes, 90 per cent power factor). 
This limit corresponds approximately to the 
poorest current transformer recognized for 
relaying purposes by the American Stand¬ 
ards Association, namely 10 H (or L) 50. 2 
The above current limitation disappears, 
for all practical purposes, if the current 
transformer is in the next higher accuracy 
class. If one current transformer is just 
within the 10 H (or L) 50 classification and 
the second current transformer has better 
characteristics, it is preferable to use the 
latter on the neutral side of the machine in 
which case the current limitation is a func¬ 
tion of the better transformer. 

Because of the wide margin of safety on 
through faults, and with the lower limit of 
current transformer accuracy set above, no 
further limitations are necessary. In other 
words, if one current transformer just meets 
the above accuracy limitation, the other cur¬ 
rent transformer may be perfect. 

References 

1. Same as reference 1 of Mr. Sonnemann’s 
discussion. 

2. American Standard C57.1. Transformers, 
Regulators, and Reactors, 1942. 

Correlation of System 

Overvoltages and System- 
Grounding Impedance 

Discussion of paper 43-5 by working group on 
correlation of system-grounding impedance of 
the AIEE committee on protective devices/ 
presented at the AIEE national technical meet¬ 
ing, New York, N. Y., January 25-29, 1943, 
and published in AIEE TRANSACTIONS, 
1943, January section, pages 17-24. 


R. D. Evans (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The report of the working group on 
correlation of system-grounding impedances 
shows that there are many causes of system 
overvoltages. A very useful part of the re¬ 
port is the list of causes of overvoltage and 
the discussion of each cause, which facilitate 
study of particular cases of experienced or 
anticipated trouble. The phenomena in¬ 
volved in production of overvoltages are 
often exceedingly complex, and only a few 
types have, from the present point of view, 
been examined adequately. The commit¬ 
tee report will serve a useful purpose in de¬ 
fining the present status of available infor¬ 
mation on particular causes of system over¬ 
voltage and correlation with system char¬ 
acteristics. 

The working group was organized for the 
purpose of clarifying the relations between 
system overvoltages and system-grounding 
impedances. The only characteristics of 
system that so far have been found useful 
from the standpoint of correlation with 


system overvoltages are the sequence-imped¬ 
ance ratios. More particularly, these re¬ 
lations include the ratios of the zero-sequence 
to positive-sequence series reactance, the 
ratio XJ X it and to a lesser extent the ratios 
of the sequence shunt capacitances C 0 /Ci, 
and their relation to Xi. It is hoped that 
one result of this report will be to stimulate 
interest in the correlation of system over¬ 
voltages with the sequence-impedance ratios. 
Such information will permit better evalu¬ 
ation of the frequency of occurrence of un¬ 
usual systems having sequence-impedance 
ratios that are favorable to the production 
of high system overvoltages. 

From a practical standpoint one result of 
the report should be the improved recogni¬ 
tion of the cases under which lightning ar¬ 
resters may be overstressed on systems 
operating with either isolated-neutral or 
with high-impedance grounding. Another 
result of the report should be the increased 
recognition of an inherently necessary dif¬ 
ference in system protection level for iso¬ 
lated-neutral and grounded-neutral systems. 
The difference in protection level of systems 
for the same circuit-voltage rating is a fac¬ 
tor frequently overlooked in the cost com¬ 
parison of systems differing in grounding 
characteristics. 


Edward Beck (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The subject of system overvoltages 
is pertinent to the use of lightning protective 
devices. As stated in the report, the subject 
may be complex. In many cases systems 
or parts of systems require individual study 
in order to make the best use of the data. 
However, if such a study is made, savings 
may be possible in lightning protective de¬ 
vices, and the best practical protective levels 
may be achieved, as pointed out in a con¬ 
temporary paper, “Lightning Protective 
Devices in Wartime.” 1 At the same time 
the knowledge of system voltage conditions 
to ground will also prevent too optimistic 
application of arresters whose ratings might 
be so low that they are likely to fail from 
such system overvoltages and thereby partly 
defeat the purpose for which they are in¬ 
stalled—prevention of outages. Failure to 
evaluate the risk of system overvoltages in 
excess of arrester ratings engenders arrester 
failures. Thus the report has much value 
at this time, even if considered only from 
the standpoint of lightning protection. It 
calls attention to the factors that influence 
system voltages and therefore facilitates 
getting the best over-all operation of sys¬ 
tems during lightning storms. 

I would like to suggest that the curves of 
Figures 1 and 2 of the paper would be more 
readily useful if the voltages were expressed 
in terms of normal circuit voltage instead of 
in terms of normal voltage to neutral, since 
we are more accustomed to thinking of 
systems in terms of circuit voltages. If 
the curves were expressed in these terms, a 
calculation would be avoided and the volt¬ 
ages impressed on lightning arresters made 
more quickly apparent. 
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The Effect of Current-Trans¬ 
former Residual Magnet¬ 
ism on Balanced-Current 
or Differential Relays 


Discussion and author’s closure of paper 43-28 
by H. T. Seeley, presented at the AIEE 
national technical meeting, New York, N. Y. f 
January 25-29, 1943, and published in AIEE 
TRANSACTIONS, 1943, April Section, 
pages 164-9. 


E. H. Klemmer (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This paper is an interesting treatise 
on residual magnetism in current trans¬ 
formers. However, its overemphasis of the 
adverse effect on relays may cause protec¬ 
tion engineers unnecessary alarm. 

To illustrate, I would like to cite a 1937 
application of differential protection to steel 
mill motors provided with dynamic braking, 
wherein only one set of the differentially 
connected current transformers was sub¬ 
jected to d-c current during the braking ac¬ 
tion. On learning of this unusual applica¬ 
tion I had grave fears that the differential 
protection would not prove satisfactory on 
account of the residual-magnetism effect. 
As the equipment was then ready to be 
shipped, we decided to test it. Much to our 
surprise, we could not make the differential 
relay misbehave, even with extremely rapid 
transition from direct current through one 
set of current transformers to alternating 
current through both sets in series, or even 
when the most sensitive setting was used on 
the CA differential relay; namely, 0.04- 
ampere pick-up and the 2 l /% per cent slope 
characteristic. For each of numerous tests 
the relay showed positive restraint action. 
Oscillograms showed substantially the same 
small differential current because of current- 
transformer error, whether one set of the 
1,000/5-ampere current transformers had 
been magnetized previously with direct 
current up to 730 amperes, or whether both 
sets of current transformers had been com¬ 
pletely demagnetized. In other words, the 
tesidual magnetism in this extreme case had 
no perceptible effect on the relay action, 
nor did the oscillograms show any unusual 
differential transient current. In five years 
of service, involving highly repetitive re¬ 
sidual magnetism in one set of the differ¬ 
entially connected current transformers, 
there has been no report of trouble. 

In general, the residual-magnetism effect 
on high-speed relays is much less than the 
maximum fault-current d-c component 
saturation effect, for which the relay scheme 
must be designed. Calculations for the 
latter may incorporate possible residual 
magnetism in a current transformer. How¬ 
ever, . these calculations generally include 
margins that permit neglecting the residual- 
magnetism effect entirely. 


C. A. Woods, Jr. (Westinghouse Electric 
and Manufacturing Company, East Pitts¬ 
burgh, Pa.): Engineers, familiar with the 
application of current transformers, have 
usually considered the adverse effects of 
residual magnetism in transformer cores in 


relation to resultant changes in meter regis¬ 
tration because of the increased transformer 
errors. Marshall and Langguth, in their 
paper on "Current-Transformer Excitation 
Under Transient Conditions, 1 have shown 
the effects of residual magnetism on the in¬ 
stantaneous ratio errors of current trans¬ 
formers in connection with their investiga¬ 
tion of current measurements under such 
conditions. Of particular interest were the 
oscillograph records showing that residual 
flux could either decrease or increase the 
transformer-error current under transient 
conditions, depending upon the relative 
directions of the residual flux and the uni¬ 
directional flux required by the d-c com¬ 
ponent of primary current. 

From the many investigations 1 ' 5 of uni¬ 
directional flux in current-transformer cores 
and the resultant effects on high-speed relay 
operation, the need for special consideration 
of the current transformers, relays, and cir¬ 
cuit constants has been accepted. This 
paper emphasizes the need for such pre¬ 
cautions as covered by the material given 
under the subheading, "Effect on Relay/’ 
wherein it is shown that difficulties were 
encountered in preventing incorrect relay 
operations, even without the presence of 
residual flux. A close study of the restrain¬ 
ing coil and primary current waves shown in 
Figure 9 of the paper would lead one to ex¬ 
pect that had the primary current in the test 
portrayed by Figure 9b contained a larger d-c 
component, the relay might have operated. 

Even in the case of generator differential 
protection involving only two sets of current 
transformers of identical design, considera¬ 
tion must be given to the characteristics of 
the transformers, high-speed relays, and cir¬ 
cuits in relation to transients expected. 
Current transformers, produced commer¬ 
cially, of same design and having the same 
magnetic history could have sufficient dif¬ 
ferences in error currents at saturated densi¬ 
ties to cause operation of nonrestrained, sensi¬ 
tive relays under severe transient conditions. 

From the data given in the paper, it is 
apparent that it is possible with certain 
types of relays to obtain incorrect operation 
which can be attributed to residual flux in 
the current transformer. Because of the 
demagnetizing effects of large error currents 
and normal load currents, the effects of the 
resultant residual flux are usually small com¬ 
pared to the errors which are caused by the 
unidirectional flux from the d-c component 
of asymmetrical primary currents. Hence, 
we agree with the author’s conclusions, that 
in many high-speed relaying schemes each 
of the component parts, current trans¬ 
former, relay, secondary circuit, and pri¬ 
mary circuit must be checked to insure that 
in combination they will function properly 
under transient conditions. When satis¬ 
factory operation under these conditions is 
obtained, it would be only marginal cases 
wherein it would be necessary to take into 
account the additional effect of residual 
magnetism. 
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H. T. Seeley: In closing, I wish to refer 
to earlier work on the effect of transients on 
high-speed relays, reported in a paper 
entitled "Experiences With a Modern Relay 
System” and presented by G. W. Gerell in 
1936. 1 His conclusions indicate the same 
remedy as mine; namely, a delay of one 
cycle or slightly more, to avoid false opera¬ 
tion under transient conditions. Mr. Whit¬ 
low’s collaboration in that earlier work pro¬ 
vided a good background for the field test 
mentioned in my paper. 

In answer to questions by C. L. Smith, the 
mutual inductance between the two current 
transformer secondary circuits was not pres¬ 
ent during the error current tests using the 
connections of Figure 7, but it was present 
during the relay tests shown in Figure 9; 
and the steady-state current transformer 
secondary currents in Figure 1 were equal 
in spite of the apparent difference resulting 
from different calibration on the two oscillo¬ 
graph elements. 

Mr. Klemmer’s report of factory tests on 
differential protection using a CA relay 
corroborates the paper’s conclusion that safe 
operation will be obtained with relays having 
sufficient delay to permit the error current 
to reduce the residual flux. The oscillo¬ 
grams in the paper show that the phenome¬ 
non is unimportant after the first half cycle, 
and lead to the conclusion that induction 
disk relays should be safe from false tripping 
from this cause. Mr. Klemmer’s statement 
on the relative importance of residual mag¬ 
netism and maximum d-c component evi¬ 
dently applies to bus differential systems, 
and not to balanced-current protection 
where the d-c components of the two cur¬ 
rents are equal for an external fault and are 
also usually small because of line resistance. 

The two references cited by Mr. Woods 
are welcome additions to those listed in the 
paper. The oscillograms in the Marshall 
and Langguth paper are especially interest¬ 
ing, and their circuit for measuring error 
current provides greater accuracy, although 
the statement that "on tests which do not 
come up to the knee of the saturation curve,, 
the residual will probably be so slight that 
demagnetization will not be required’^ 
might be re-examined on the basis of the 
test values of the residual flux shown in 
Table II of my paper. 

The current in Figure 9b was initiated at 
the instant of zero voltage, but the time 
constant of the total circuit including the 
two secondary burdens was too short to 
give a d-c component of importance. 
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A Useful Equivalent Circuit 
for a Five-Winding 
Transformer 


Discussion and author’s closure of paper 43-2 
by L. C. Aicher, Jr., presented at the AIEE 
national technical meeting, New York, N.Y., 
January 25-29,1943, and published in AIEE 
TRANSACTIONS, 1943, February section, 
pages 66-70. 


W. M. Johnson (General Electric Company, 
Pittsfield, Mass.): The equivalent circuit 
described by Mr. Aicher for the five-winding 
transformer is an interesting extension of 
the commonly used three-winding equiva¬ 
lent circuit and the four-winding equivalent 
circuit given by F. M. Starr. 1 

Since the circuit is symmetrical in form, 
and the choice of subscripts is purely arbi¬ 
trary, one would expect the expressions for 
the impedance links to be symmetrical. 
That is, if an expression for Z 6 has been ob¬ 
tained, it should be possible to write the 
expressions for the remaining mesh links 
by simply rotating the subscripts of the 
various through impedances. In the expres¬ 
sions given for the mesh impedances, this 
symmetry is not readily apparent. How¬ 
ever, these may be rewritten in the follow¬ 
ing form in which the inherent symmetry is 
obvious: 


Z 6 = 


Zj — 


z 8 = 


z 9 = 


Zjo = 


(MQL+QLP+LPS+PSM+SMQ) 
2 PS 

(MQL+QLP+LPS+PSM+SMQ) 

2SM 

( MQL+QLP+LPS+PSM+SMQ) 
2MQ 

(MQL + QLP+LPS+PSM+SMQ) 
2 QL 

(MQL+QLP+LPS+PSM+SMQ) 

2LP 


A number of years ago the writer of this 
discussion had occasion to analyze this cir¬ 
cuit, and these symmetrical expressions 
were found to be more convenient for cal¬ 
culations and for analyzing the nature of the 
circuit. 

The author of the paper has listed as one 
of the objectives of an equivalent circuit the 
elimination of negative branches in the 
circuit to facilitate its use on a calculating 
board. Since there is a freedom of choice as 
to which transformer windings are assigned 
to the various terminals of the network, 
there exists a number of different equivalent 
circuits, any of which will represent the 
transformer, depending on the order in which 
the various windings are assigned to the 
terminals of the circuit. It would be 
interesting to know if the author has estab¬ 
lished any criterion as to whether negative- 
impedance links can be avoided by selecting 
properly the order of the windings. For 
the case where resistances are neglected, it 
is apparent from the symmetrical expres¬ 
sions for the mesh impedances that in order 
to avoid negative links each of the terms 
P, S, Q, L, M must be positive. However, 
there appears to be no obvious criterion, 
except by trial and error in specific cases, to 


indicate whether it is possible to make these 
terms all positive by proper selection of the 
order of the windings. For the general 
case in which complex quantities are used, 
the possibility of establishing any such cri¬ 
terion seems even more remote. It should 
be borne in mind, however, that the presence 
of negative-impedance elements does not 
impair the usefulness of the circuit for purely 
mathematical calculations. 
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W. C. Sealey (Allis-Chalmers Manufactur¬ 
ing Company, Milwaukee, Wis.): This 
paper fills a need which existed in the field 
of equivalent circuits for transformers. The 
development of equivalent circuits for trans¬ 
formers was gradual; equivalent circuits 
for two-winding transformers started the 
progression. Later the equivalent circuit 
for a three-winding transformer appeared, 
and afterwards the equivalent circuit for a 
four-win ding transformer. Now the author 
has presented the equivalent circuit of a 
five-winding transformer. 

The equivalent circuit presented is little 
more complicated 1 han the equivalent circuit 
which was found necessary for a four- 
winding transformer, since the change in the 
number of elements in the circuit was only 
from eight to ten. 

There have been occasions where the 
equivalent circuit of a five-winding trans¬ 
former was extremely useful, and in a few 
cases the circuit of a six-winding transformer 
could have been used to advantage. 

As a subject for a future paper the de¬ 
velopment of the equivalent circuit for a 
six-winding transformer is suggested. The 
development of the equivalent circuit of a 
six-winding transformer introduces suffi¬ 
cient additional complications so that it is an 
interesting problem and one requiring the 
exercise of ingenuity for its solutions. Such 
a circuit will require six points of entry, 
corresponding to the six windings of the 
transformer, and will have 15 independent 
elements in order that the 15 independent 
measurable impedances of the transformer 
may be simulated. The development of the 
circuit of a six-winding transformer would 
represent an extension of useful equivalent 
circuits. 


L. C. Aicher: The symmetrical expressions 
suggested by W. M. Johnson are equally as 
applicable as those presented in the paper. 
If equations 38 to 41 inclusive are expanded 
and if terms are collected in the proper order, 
the expressions given by Mr. Johnson result. 

A criterion for selecting the order of the 
windings to eliminate negative-impedance 
links is not easily established. It is chiefly 
a matter of inspection and cut and try. 
However, one concept that is beneficial 
though not infallible is to establish the 
windings in descending order of their mutual 
reactances after such have been adjusted to 
a common kilovolt-ampere base. 

W. C. Sealey’s suggested desire for an 
equivalent circuit of a six-winding trans¬ 
former is corroborated by the author. 

Two typographical errors have shown up 


which the author has not previously noticed. 
Equation 23 should read: 

M = Zu +Z 2 b —Zib *— Z24 

In the example, the solution of 3, the 
expression for the current in link 7 due to 
load current on winding 1 should read: 

i7=-r 8 =i 8 =/ I o=f ? /i 

^t 


A New Type of Adjustable 
Speed Drive for 
A-C Systems 


Discussion and authors' closure of paper 43-3 
by A. G. Conrad, S. T. Smith, and P. F. Or- 
dung, presented at the AIEE national technical 
meeting, New York, N. Y., January 25-29, 
1943, and published in AIEE TRANSAC¬ 
TIONS, 1943, January section, pages 7-10. 


Edward Bretch (The Century Electric 
Company, St. Louis, Mo.): This type of 
adjustable-speed a-c motor was disclosed in 
patent number 839,935, issued to the late 
B. G. Lamme in 1907. Latour also worked 
011 this problem. 

While there is no desire to detract from 
the value or interest in this paper, it seems 
that this type motor could hardly be classed 
as a new type. It is well known to those 
who have followed the development of the 
single-phase motor. 


P. W. Robinson (General Electric Company, 
Schenectady, N. Y.): The wide demand 
for small adjustable-speed motors for in-, 
dustrial purposes and the extensive progress 
made in lower-cost voltage-control devices 
in recent years, make a renewed discussion 
of small a-c commutator motors very timely. 
Such a motor must compete with induction 
motors equipped with numerous forms of 
mechanical adjustable-speed drive, with 
small Ward-Leonard-type d-c equipments, 
and with Thyratron tube control of d-c 
motors. To meet this competition, the a-c 
commutator motor must have acceptable 
commutation and a simple low-cost method 
of speed control. 

This paper presents a simpler and more 
detailed explanation of one of the adjusta¬ 
ble-speed arrangements for single-phase a-c 
commutator-type motors than I have found 
in the earlier literature. 

Dr. Alexanderson in his 1909 AIEE paper, 
''Repulsion Motor With Variable-Speed 
Shunt Characteristics,” mentions both the 
armature control and field control systems, 
but the speed torque curves published are 
only obtained by field control. 1 However, 
he did not find it necessary to use a two- or 
three-phase power supply but used the volt¬ 
age at the terminals of the exciting winding 
to supply the regulating transformer. 

Mr. Maier’s 1911 AIEE paper, "Methods 
of Varying the Speed of Alternating-Current 
Motors,” includes some mathematical treat¬ 
ment but no vector diagrams or tests. 2 

Mr. Lamme in his discussion of Mr. 
Maier's paper gives no mathematical treat- 
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ment, vector diagrams, or tests but did re¬ 
port that a 20-hp motor controlled by- 
armature voltage and operated from three- 
phase power with an adjustable transformer 
was in commercial use for 18 months. He 
also stated that several other motors of this 
type were in commercial operation. 

Any evidence available on the subject of 
essential constancy of armature impedance 
Z a mentioned in the paper would be of in¬ 
terest. With three-phase commutator mo¬ 
tors having line frequency voltage applied 
to the commutator there is more variation of 
armature reactance with speed than could 
be ignored in designing a motor and control 
or predicting characteristics. 

In regard to the connecting of the com¬ 
pensating winding either in series with the 
armature or short-circuited, it occurs to me 
that if this winding were connected in series 
and provided with a small excess over the 
armature turns, the resulting overcom¬ 
pensation should help with the rotational 
element of commutation. 
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A. G. Conrad, S. T. Smith, P. F. Ordung: 

It is not our intention to repeat experiments 
performed and reported by other investi¬ 
gators. Our presentation of this paper was 
not done with any oversight or disregard of 
work in the field done by others. We do 
not wish to detract from merits of work done 
by others. However, in view of the com¬ 
ments by Mr. Bretch, it might be that some 
of the differences between the motor 
described in our paper and that patented by 
Mr. Lamme are worthy of consideration. 

In B. G, Lamme's patent of 1907, number 
839,937, he states on page 1, lines 26-35: 

"the armature circuit may be, and is ordinarily, 
made with but little self-induction, so that the cur¬ 
rent in the circuit lags but little behind the electro¬ 
motive force impressed upon it.” 

Our motor does not behave according to this 
description. In the machine that we have 
described the magnitude and direction of 
the armature current are dependent upon 
the magnitude and direction of the gener¬ 
ated voltage. The armature current is not 
held in time phase with the field current. In 
fact the armature current shifts approxi¬ 
mately 90 degrees as the load on the ma¬ 
chine is changed from no-load to full-load. 

On page 1, lines 35-39, Lamme states: 

"It is obvious, then, that if the electromotive forces 
applied to tlie two circuits (armature and field) 
differ 90 degrees in phase the currents in the arma¬ 
ture and field-magnet circuits differ but little in 
phase.” 

This statement is not applicable to the 
motor that we have described. Here again 
Mr. Lamme has failed to recognize the 
presence of a generated voltage in the 
machine. 

In lines 68-71, page 1, Mr. Lamme states 


that his motor takes small armature currents 
at no-load. This feature is not character¬ 
istic of our machine. Motors of the type 
that we have described may be made to 
correct power factor to the full extent of 
their capacity at no-load. 

In lines 43-54, page 2, he states that if the 
magnitude of the impedance of the field 
circuit is charged by external means without 
charge of the field circuit power factor, 

f 'tben the speed of the motor may be varied without 
varying the phase relations with respect to each 
other of the currents in the armature and field- 
magnet windings—that is, without varying the 
power factor of the motor.” 

In lines 95-105, page 1, Mr. Lamme implies 
that, when properly adjusted, speed charges 
for his motor do not affect power factor of 
operation for any given constant torque 
load. In our machine this is not the case 
for if the motor is delivering torque, a 
charge in speed is accompanied by a charge 
in power factor of operation. 

Seven out of ten claims of this patent deal 
with control of speed by changes in field cur¬ 
rent. The authors are somewhat surprised 
that Mr. Lamme did not investigate this 
method more carefully. A careful investi¬ 
gation of this method would have revealed 
that the speed-regulation of the motor 
varies indirectly as the square of the field 
flux. Thus this method is of little value 
because of the large speed-regulation for 
weak fields. The other claims in the patent 
refer to changes in speed by changes in 
armature circuit impedance. 

Throughout the patent Mr. Lamme has 
neglected to recognize the presence of a 
generated voltage in the armature. This is 
also true in other writings of Mr. Lamme. 
In discussing a paper written by Mr. Maier, 
AIEE, 1911, Part III, page 2488 in lines 3 to 
8, Mr. Lamme refers to a motor such as he 
has patented and states: 

"With this arrangement the field current or field 
flux is still 90 degrees behind the exciting electro¬ 
motive force but as the latter is practically 90 de¬ 
grees out of phase with the armature electromotive 
force, the field or exciting flux will thus be prac¬ 
tically in phase with the armature current.” 

It is difficult to understand how Mr. 
Lamme could have overlooked the presence 
of the generated voltage in this armature 
circuit. His statements reveal that it is 
his concept that the armature current is 
determined by only the applied voltage and 
the armature impedance, which is not the 
case. If we could disregard his statements 
and produce conditions that he has de¬ 
scribed for his motor, the generated voltage 
of the motor would be in direct opposition 
to the applied voltage. Under these condi¬ 
tions the motor would have a constant 
power factor and would draw large lagging 
currents in its armature circuit. Such a 
motor would be exceedingly large and im¬ 
practical. 

The virtue of the motor that we have 
described comes largely in the adjustments 
made on the machine that make it correct 
power-factor at no-load and to take its full 
load current essentially at unity power fac¬ 
tor, thereby obtaining the greatest possible 
output from a given current supply. 


Mr. Lamme and Mr. Latour are only a 
few of the hundreds of investigators that 
have worked on this problem. 

Mr. Robinson’s reference to comparative 
costs of this motor and other adjustable- 
speed systems should be considered not only 
from the standpoint of the initial cost of the 
units, but also of their operating costs. If 
the cost of this one motor and its controller 
be compared with cost of other adjustable- 
speed units, it is evident that the initial cost 
will be from one-half to one-fourth that of 
many of the systems now being sold and 
used. Likewise the over-all efficiency of 
the motor that we have described can be 
made much higher than the over-all effi¬ 
ciency of the systems requiring three or four 
units. This is undoubtedly the major ad¬ 
vantage of the system over such drives as 
the Ward-Leonard or the Rototrol. 

Direct comparisons between the three- 
phase motor described in our paper should 
not be made with a single-phase machine 
such as described by Dr. Alexanderson. 
The machines operate on different principles 
and their power-factor and commutation 
characteristics are different. 

A thorough investigation of the con¬ 
stancy of the armature impedance Z a for all 
speeds has not been made by the authors. 
However, curve 1 of Figure 4 of the paper 
was calculated from the constants of the 
motor. The proximity of this curve to the 
encircled points obtained experimentally 
indicates little error in the prediction of one 
speed-torque curve. The constancy of this 
armature impedance is dependent not only 
on the speed adjustment, but also on the 
degree of saturation produced by the main 
field. Slight changes in Z a for different 
speeds are caused by the change in time of 
commutation of the coils undergoing com¬ 
mutation. Since the voltages induced in 
the coils undergoing commutation in' this 
motor are transformer voltages and not the 
sum of the transformer and speed voltages 
that are present in the three-phase a-c 
armature, less change in value of Z a is to be 
expected than in a polyphase armature. 

Mr. Robinson’s suggestion of improving 
the commutation by connecting in series 
with the armature a compensating winding 
having a few more turns than the armature 
is good, but it must be remembered that 
this arrangement will increase the armature 
circuit reactance over that obtainable with a 
good short-circuited compensating winding. 
This increase in the armature circuit react¬ 
ance will make the speed regulation poorer. 
The problems of commutation on this motor 
are similar to those of the a-c series motor. 
On small machines commutation can be 
improved by shifting the brushes slightly in 
a direction opposite to the direction of rota¬ 
tion. On larger machines interpoles can be 
used. 
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Factors Affecting the Design 
of D-C Magnets 

Discussion of paper 43-47 by L. T. Rader, pr - 
sentedatthe AIEE national technical meeting, 
New York, N. Y., January 25-29,1943, and 
published in AIEE TRANSACTIONS, 1943, 
June section, pages 307-10. 


B. M. Smith (General Electric Company, 
Schenectady, N. Y.): Factors affecting 
the design of d-c magnets as described by 
the author should be of utmost interest to 
designers of d-c magnets for, as he has 
pointed out, there is very little in the litera¬ 
ture although the subject is old. 

The factors covered, which deal mostly 
with the magnetic circuit, of course, are the 
determining factors for efficiency and relia¬ 
ble performance. It is interesting to note 
that the proper selection of material is 
given first consideration as it should be. 
Very often materials are selected without 
due consideration of all the properties and 
requirements. Here, however, the author 
gives a brief resumd of the materials usually 
available and points out the advantages and 
limitations of each. 

The classification of d-c magnets as to 
type and the requirements which determine 
the choice are given and also information on 
how to change the shape of the pull curve 
for the two general groups. The method of 
calculating the pull for a given set of condi¬ 
tions is simply presented, and the designer 
should have no difficulties in following the 
procedure and arriving at a satisfactory 
result. 

Perhaps the most valuable contribution 
in the paper is the data presented on the 
optimum pole-face area which will give the 
maximum pull for any one set of conditions. 
It is illustrated that the pole-face area for 
maximum pull varies for different air gaps 
which means that each magnet design can be 
shaped for a particular requirement. 

Leakage flux based on experimental data 
is shown to be the most reliable means of 
determining the flux in a magnetic circuit 
whereas if conventional methods are used in 
which assumptions are made for constant 
ampere turns per inch and no fringing in the 
air gap, there are likely to be large errors in 
calculating air-gap flux. Leakage, it is ex¬ 
plained, varies with magnet dimensions and 
no attempt is made to compare it for various 
structures. 

The usefulness of the ballistic galvanome¬ 
ter for flux measurements is mentioned 
because of its accuracy and ease of use. I 
would like to add to this statement by saying 
that this is so only when it is overdamped 
and has a reasonably long period, so as to 
give a fluxmeter action. Under these con¬ 
ditions and with proper controls, it is a very 
useful instrument for flux measurements, 
for they can then be made rapidly and 
cover a wide range of sensitivity. 

The author has made a splendid contribu¬ 
tion to aid the designer of d-c magnets, and 
it is hoped that more experimental informa¬ 
tion will be published to lead to more 
accurate determination of leakage flux and 
other factors which affect the design of d-c 
magnets. 


Intrasystem Transmission 
Losses 

Discussion of paper 43-20 by E. E. George, 
presented at the AIEE national technical meet¬ 
ing, New York, N. Y., January 25-29, 1943, 
and published in AIEE TRANSACTIONS, 
1943, March section, pages 153-8. 


R. B. Gow* (Kansas Gas and Electric Com¬ 
pany Wichita, Kans.): By reducing the 
computation of transmission losses to the 
proper evaluation of a single formula while 
still retaining reasonable accuracy, Mr. 
George has made a notable contribution to 
the electric utility industry. This con¬ 
tribution is particularly welcome at this 
time with interconnected operation of elec¬ 
tric power systems involving transfer of en¬ 
ergy between systems becoming more and 
more prevalent as demands of war indus¬ 
tries increase and available reserve capaci¬ 
ties decrease. 

As Mr. George points out, the loss for¬ 
mula can be refined to give results which 
are as accurate as could be desired for any 
purpose. It is interesting, however, to 
check the accuracy of the formula as de¬ 
veloped by the expenditure of the minimum 
time and effort and without benefit of an a-c 
or d-c calculating board. This was the 
case in the development of the loss formula 
for the transmission system of the Kansas 
Gas and Electric Company. 

In order to check the accuracy of the loss 
formula load flow diagrams available from 
previous a-c calculating board studies were 
used. Since, as ordinarily used, the a-c 
calculating board does not indicate losses 
directly with any degree of accuracy, the 
losses were computed line by line from the 
load flow diagrams. The megawatt genera¬ 
tion indicated at each power source was 
then substituted in Mr. George’s formula 
and the loss computed by this method. 
Table I shows the comparative values ob¬ 
tained by these two methods: 

Tabic I. Comparison of Transmission Losses 
as Computed by Formula and by Individual 
Lines Using Calculating-Board Load-Flow 
Data 


Study 

Number 

Kilowatt Transmission Losses 

System Calcu- 

Load lating 

Conditions Board 

For¬ 

mula 

Per Cent 
Deviation 

1.... 

Maximum.... 950... 

... 895. 

...-5.8 

2.. . . 

, Maximum.. . . 1,585.. . 

, . .1,650. 

...+4.1 

3.... 

.Maximum.,. .4,480.. . 

...4,720. 

. . .+5.4 

4. . . . 

Minimum. .. .3,600.. . 

. .3,290. 

...-8.6 


Study 4 shows the greatest deviation, 
and this represents a minimum load period, 
whereas the loss formula was developed 
using a load distribution occurring during 
peak load conditions. This would seem 
to indicate that greater accuracy for 
loss calculations at minimum load periods 
could be obtained by developing another 
formula for use at these loading conditions. 

Study 3 is interesting in that it is 

* Now Ensign in United States Naval Reserve. 


possible in this case to account for practi¬ 
cally all of the apparent error of the loss 
formula. Approximately 75 per cent of the 
total loss in study 3 occurred on one 
heavily loaded circuit operating at a power 
factor of approximately 97 per cent. This 
compares with an assumed average power 
factor of 90 per cent used in the develop¬ 
ment of the formula. This difference be¬ 
tween actual and assumed power factors is 
sufficient to account for the difference in 
losses indicated by the two methods. 

The apparent accuracy as indicated 
above is well within the limits of accuracy of 
the basic data from which loss calculations 
could be made by any method. Further¬ 
more, in our case the desired quantity was 
not total transmission losses, but rather the 
increment losses caused by the delivery of 
so much power to a certain point. It is 
apparent that the determination of incre¬ 
ment losses will be more accurate than the 
determination of losses at a single loading 
condition since a portion of the error will 
cancel out. 

In addition to its use in determining 
losses, we have found this superposition 
method a very handy tool in predicting and 
analyzing load flows on the transmission net¬ 
work. For this purpose, only the first part 
of the development is used. (See Appendix 
A of the paper for formula giving the 
megawatts flow in any line in terms of gen¬ 
eration at each source.) This type of in¬ 
formation is now being requested in various 
reports to government agencies and the use 
of this method has considerably reduced the 
time for preparation of these data. 


H. L. Deloney (Louisiana Power and Light 
Company, Algiers, La.): The method for de¬ 
termining transmission losses as described by 
E. E. George has many practical applica¬ 
tions. It should prove to be a valuable as¬ 
set to the operating and planning engineers 
once their transmission systems have been 
studied and "set up" in the form recom¬ 
mended by Mr. George. Future loss calcu¬ 
lations will be very much simplified after 
various system constants have been deter¬ 
mined. With such loss information avail¬ 
able, under various operating conditions, 
it is possible to set up generating schedules 
which will result in minimum over-all costs, 
taking into account incremental transmis¬ 
sion losses and incremental generation costs 
(assuming generating costs are already 
known). 

In system planning it will be possible to 
compare system losses with various as¬ 
sumed generation at two or more proposed 
sites. This will allow selection of the most 
favorable sites, after fuel costs and the other 
variables have been taken into account. 

After the system has once been "set up," 
it will be possible also to study effects on 
various tie-line loadings under different 
generating conditions. This information 
can possibly be more valuable in some 
studies than loss consideration since it 
might bring out "bottlenecks" in transmis¬ 
sion capacity which would lead either to 
revision of generating schedules and/or 
plant sites or to strengthening of transmis¬ 
sion facilities. In making these tie-line 
loading studies it is necessary only to take 
the synthetic load-flow diagrams described 
in paragraph 7 of Mr. George’s paper and to 
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tabulate the information for the individual 
lines to be studied. This information will 
represent the amount and direction of 
power, expressed in per cent, tending to 
flow in the line from each generating source 
or interconnection. After multiplying ac¬ 
tual generation of each source, for generating 
conditions being studied by percentage flow 
figures, the load flow in megawatts can be 
determined by taking the algebraic sum of 
their products. Proper consideration must 
be given to direction of flow indicated in 
each case. The general limitations de¬ 
scribed in paragraph 65 of Mr. George’s 
paper, of course, hold true also for tie-line 
loading. Calculations when compared with 
actual log sheet and with calculating-board 
studies, indicate this method to be suf¬ 
ficiently accurate to warrant its use. 

The method described by Mr. George will 
by no means do away with the necessity of 
calculating-board studies for some problems 
on individual systems, but will allow the 
user to answer many questions about his 
system that would have gone unanswered, 
due to lack of such board facilities. By 
knowing these answers he should profit by 
better planning and plant scheduling. 


Ampere Load Limits for 
Copper in Overhead 


Li 


ines 


Discussion and author's closure of paper 43-22 
by A. H. Kidder and C. B. Woodward, pre¬ 
sented at the AIEE national technical meeting 
New York, N. Y., January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
March section, pages 148-52. 

Leonard M. Olmsted (Duquesne Light 
Company, Pittsburgh, Pa.): There can be 
no question of the timeliness of this paper. 
Uith every electrical power utility and in¬ 
dustrial plant striving to carry greater and 
greater war loads with the minimum use of 
critical materials, there is great pressure 
upon them to utilize their present facilities 
to the maximum advantage. When this 
pressure is directed to overhead transmission 
lines, however, considerable caution must be 
observed lest the system be rendered unfit 
for continued use. Before ratings can be 
assigned safely to any line, at least eight 
factors must be considered carefully 
namely: J * 

t The a biHtv of the conductor to withstand the 

ch a n- ase i d / atm ? wlthout excessive loss of me¬ 
chanical strength by annealing. 

of connectors and joints on the con¬ 
ductor to withstand the increased rating Without 
oxidation of the contact surfaces and locfl heating 
in excess of the allowable conductor temperature. S 

fj ..T** e ^ equacy of s P an clearances to permit the 

temnlr"? SaS C ^ USed by the hi « her conductor 
temperature associated with the increased rating. 

probIem . of providing short-circuit and 

creased m f r e K IOn t0 ° perate w*thin the de- 

between the increased current rat¬ 
ing and destructive overloads. 

5 ' The adequacy of substation and terminal 

hT t P ra T nt - t0 - Carry ‘ he inCreased brents for Xch 

tht transmission conductors may be rated. 

with°ind£iiT S , pr ? bl,! . ras of the bulk power system 
that ." ' . o' Clrcuit ® rerated to such high «tlue“ 
ve line capacity no longer is available to 
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replace capacity lost when such a line goes out of 
service. 

7. The ability of voltage-regulating equipment to 
compensate for the greater voltage variations which 
accompany heavily loaded lines. 

8. The considerable increase in energy losses 
arising from the greater line currents. 

No engineer would contend that all eight 
are of equal importance, but neither could 
he afford to ignore any one until he had 
satisfied himself that it does not limit the 
particular line which he wishes to rerate. 

With these aspects in miqd, let us turn 
now to Kidder and Woodward's paper. 
There is no doubt that the extreme lack of 
elasticity and low tensile strength of soft— 
or annealed—copper wire render it unsuit¬ 
able for transmission conductors. The 
cold-drawing process causes considerable 
increase in tensile strength and elasticity 
and permits design sags based upon storm¬ 
loading stresses up to 50 to 60 per cent of 
the ultimate tensile strength. Once de¬ 
signed for this cold-drawn tensile strength 
it is essential that the original tensile 
strength be preserved, as otherwise it be¬ 
comes impossible to maintain safe ground 
clearances. This phase of the problem re¬ 
solves itself into the seemingly simple solu¬ 
tion of keeping the conductor temperature 
below the annealing point. A common figure 
for the annealing point of copper is 200 de¬ 
grees centigrade, but further investigation 
of metallurgical literature discloses that 
considerable annealing of cold-drawn copper 
wire has been reported at temperatures 
as low as 80 degrees centigrade. Unfor¬ 
tunately, damage caused by a slightly ex¬ 
cessive temperature may not be detected 
until long after the overheating occurred. 

No extensive treatise upon the annealing 
of cold-drawn copper wire seems to be avail¬ 
able, but metallurgists assure me that it 
should follow relationships similar to cold- 
rolled copper sheet which has considerably 
more literature. An extensive analysis of 
cold-rolled copper by N. B. Pilling and G 
P. Halliwell 1 indicates the following: 

1. For any given degree of cold-rolling, a curve 
showing the time for complete annealing at tem¬ 
peratures from 250 degrees centigrade down to as 
low as 100 degrees centigrade shows a logarithmic 
relationship, with the time at 100 degrees centi¬ 
grade a matter of years. 

tens,Ie stren Sth has a definite relationship 
with the amount of cold working. 

3. The greater the cold working (and tensile 
Strength) the faster the rate of annealing. 

niet, W 0 h;ie “ iDg time is ^pressed with eom- 
100 oer bar fi-drawn to soft copper as 

00 per cent, the first two per cent of that time re¬ 
moved nearly SO per cent of the strength imparted 
ThUS ' while the annealing tLe at 

order ^ H Ce ° tlsrade ma y be "known to be in the 
order of days, considerable damage occurs at ?nn 
degrees centigrade in a few hours. ° 

From such tests as these, covering at 
most only a few months, we are forced to 
extrapolate to cover the 10, 20 or 50 
years during which it is desired to use the 
conductors. 

to A oo,rJ ng Aat these data a PP^ exa ctly 

tL? It aWn C ° Pper wire - k wouI d seem 
tnat tne maxtmum temperatures of 130 

degrees cenhgrade and 175 degrees centi- 

defi tT by Kidder an d Woodward are 
definitely at the upper limit of what might' 
be considered feasible. Certainly lower tem¬ 
peratures are indicated for the hard-drawn 
bare copper commonly used for trans¬ 
mission conductors. 


With conductors loaded to the point 
where high currents are to be expected, it 
becomes vitally important that the lines 
be in absolutely perfect condition from ter¬ 
minal to terminal. Every joint and 
clamped connection must be perfect to 
avoid hot spots, and the common flasliover 
burn where two or three strands may be 
parted would be almost certain to develop 
into a conductor failure daring a subse¬ 
quent sleet and wind storm. Since any 
line is likely to have some such defects 
after a few years of service, it would seem 
advisable to establish the current rating low 
enough to allow some margin to avoid sub¬ 
sequent failures caused by local hot spots. 

Several types of connectors used in the 
original construction of lines 15 or 20 years 
ago have been found by inspection and labo¬ 
ratory test to be inadequate. In general 
the trouble was found to be warping of the 
contact surfaces and insufficient mechanical 
strength in the bolts, both of which seem to 
have been corrected in many of the con¬ 
nectors now on the market. Before con¬ 
ductor ratings can be increased, however, 
it is vitally necessary that all unsatisfactory 
joints and connectors be replaced. Even 
then there remains the probability that 
operation of the joints and connectors at 
temperatures in excess of 70 degrees centi¬ 
grade will cause oxidation of the contact 
surface with subsequent excessive heating 
and damage to both conductors and con¬ 
nectors. While the mass and greater dis¬ 
sipating surface of the connector tend to 
hold the temperature somewhat below that 
of the conductor alone, it would seem to be 
good judgement to hold conductor tem¬ 
peratures below 100 degrees centigrade even 
for emergency loading. 

Many transmission lines are designed for 
safe clearances at conductor temperatures 
on. the order of 50 degrees centigrade. 
Raising the operating temperature to 100 
degrees centigrade or more causes a con¬ 
siderable increase in length by expansion 
of the conductor and reduces clearances to 
ground by nearly four feet in a 1,000-foot 
span. Obviously, then, it is important to 
ascertain that the' line has adequate clear¬ 
ances before the operating ratings arc in¬ 
creased, and some lines may be limited by 
inadequate clearance. 

Short-circuit and overload protection 
must be provided to function at current 
values above the rating and still below the 
level at which the conductors will be dam¬ 
aged. As the conductor operating ratings 
are pushed up, the margin remaining below 
the relay limit is correspondingly reduced, 
and adequate protection becomes a more 
difficult problem. 

Terminal equipment in substations often 
is designed for a comparatively low current 
rating. While some equipment may be 
modified for increased ratings and other 
equipment replaced, it still is a vital part 
of any rerating program to ascertain that 
the terminal equipment involved is ade¬ 
quate to handle the increased rating which 
is proposed for the conductors. 

One of the most difficult problems arising 
from high line ratings is that faced by the 
system operators who must endeavor to 
nnd ways to maintain uninterrupted service 
with the facilities remaining after one of 
me rerated circuits goes out of service. 

Not infrequently they will have to choose 
etween overloading the remaining facilities 
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beyond their emergency ratings or dropping 
load, neither of which can be considered 
desirable. 

For metropolitan areas such as Phila¬ 
delphia, it is probable that transmission 
distances are short enough to eliminate volt¬ 
age regulation and losses as limitations to 
transmission ratings. Most other utilities 
are not so fortunate, however, and may 
have lines limited by voltage drop and 
transient and static stability to ratings 
even below commonly accepted conductor 
ratings. 

Undoubtedly Kidder and Woodward have 
considered all of the preceding problems in 
the analyses from which their paper was 
prepared. Undoubtedly also they intend 
their published ratings as absolute maximum 
values to be approached in practice but 
never exceeded. They have not taken full 
advantage of the probabilities found in the 
load characteristics, atmospheric tempera¬ 
tures, and wind velocities of the Phila¬ 
delphia area. Even so, it would seem to be 
better judgement to set the ratings some¬ 
what lower, at values where there is no 
danger of damaging the conductors. Other 
utilities would do well to conduct their own 
analyses of allowable conductor currents, 
incorporating the local atmospheric tem¬ 
peratures, wind velocities, and the load 
characteristics of the particular circuit in 
question. These analyses should allow for 
their own terminal-equipment limitations, 
types, and conditions of conductors, and 
operating problems, and probably will 
yield ratings materially lower than those 
published by Kidder and Woodward. 

Reference 

1. Softening of Hard-Rolled Electrolytic 
Copper, N. B. Pilling, G. P. Halliwell. Proceedings, 
American Society for Testing Materials, 1923, part 

2, pages 97-119. 

John G. Holm (Stone and Webster Engi¬ 
neering Corporation, Boston, Mass.): The 
authors’ very interesting paper and its 
conclusions are of particular importance in 
connection with loading of overhead con¬ 
ductors in times of war emergency when 
power requirements are high and the lack of 
strategic materials acute. 

One may not agree with the advisability 
of attaining what appears to be somewhat 
high copper temperature limits advocated 
by the authors; the fact remains, however, 
that conductors are being operated on the 
system of the Philadelphia Electric Com¬ 
pany at the high temperatures indicated by 
the authors. If then a 500,000-circular-mii 
bare concentric stranded copper conductor 
may be operated normally at a current- 
carrying capacity of 1,090 amperes, the 
question suggests itself of what could be 
attained with hollow copper conductors 
under similar operating conditions. 

For comparison an HH-type hollow con¬ 
ductor of the General Cable Corporation 
was selected. The current-carrying capac¬ 
ity of this conductor exceeds that of any 
other type of hollow conductors of the same 
copper cross section. Approximate, but 
fairly accurate calculations show that a 
500,000-circular-mil HH -type conductor of 
the "'normal minimum” design has a 
current-carrying capacity of 1,270 amperes 
under the same normal temperature condi¬ 
tions at which the concentric stranded con¬ 


ductor carries 1,090 amperes. At larger 
cross sections the difference in the current- 
carrying capacity of the two conductors 
increases, and at 1,000,000 circular mils 
it is about 22 per cent in favor of the HH- 
type conductor. This HH -type conductor, 
when operated at the normal temperatures 
given by the authors, has a current-carrying 
capacity more than 55 per cent larger than 
the 1,000,000-circular-mil stranded con¬ 
ductor designed to operate at standard con¬ 
ditions (50 degrees centigrade rise, 25 de¬ 
grees centigrade ambient and wind veloc¬ 
ity of two feet per second). If an HH -type 
conductor of the "undercut minimum” de¬ 
sign had been selected for comparison, the 
percentage figures would be still higher. 

If the temperatures suggested by the 
authors are safe, as indicated by their ac¬ 
ceptance by the Philadelphia Company, 
then the great advantage of the HH -type 
conductor over the concentric stranded 
conductor would become immediately ap¬ 
parent, especially during the emergency 
operation. At the higher operating volt¬ 
ages, for which for obvious reasons the 
hollow conductor is especially suitable, the 
mechanical strength of the conductor re¬ 
quires a certain minimum copper cross 
section. If then, such a conductor is per¬ 
mitted to operate at temperatures advo¬ 
cated by the authors and is installed on a 
two-circuit line requiring the hollow con¬ 
ductor to carry the entire system load with 
a loss of one circuit or a section of it, its 
cross section must be increased toward the 
center, but comparatively little more than 
in the case where no such requirement is 
imposed on the conductor. When the line 
has three circuits, and the loss of one would 
mean an increase of 50 per cent for the 
normal load of the conductors, no increase 
in the normal cross-section design of the 
HH -type conductor would be required if 
temperatures given by the authors are 
allowed. This could never be attained with 
concentric stranded conductors. 

Therefore, since during the present emer¬ 
gency it is important to have the copper 
carry all the current it safely can, it should 
be pointed out that copper may be made to 
go much farther as an overhead conductor 
when it is drawn in tubular form than when 
it is used in form of solid wires concentri¬ 
cally stranded. 

Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): As might be ex¬ 
pected from my publications on under¬ 
ground cable, I have been in favor of the 
principle of increased temperatures and 
ratings for overhead lines for some years. 
During the past several years new and higher 
ratings were established at various times for 
the system of the Commonwealth Edison 
Company. 

The compounds in old-style coverings of 
weatherproof wire generally have softening 
points of 55 to 65 degrees centigrade, ac¬ 
cording to tests made at Purdue University 
about 1930 and tests made in Chicago sub¬ 
sequently. Accordingly, the temperature 
limits used in the special calculations for 
load ratings for such wire were 66 degrees 
centigrade for normal operation and 72 
degrees centigrade for emergency operation. 
The corresponding limits for the URC type 
of covering were 77 and 88 degrees centi¬ 
grade, respectively. Almost three fourths 


of our wire, however, had the old-style 
coverings and in most cases it was im¬ 
practicable to determine which covering 
existed in a given circuit. That meant that 
in almost all cases the ratings used for the 
weatherproof wires were based on the 
temperatures of 66 and 72 degrees centi¬ 
grade. With the advent of the war it was 
decided to allow rapid deterioration of the 
covering of the old-style weatherproof wires 
by using the same load ratings for them as 
for the URC type. 

For our system the incentive to establish 
further increases in ratings is small because 
increased ratings would result in using 
smaller copper conductors in only five or 
ten per cent of the cases. In other words, 
regulation is more of a determining factor. 

In 1936 we made some tests on URC- 
type wires with current applied continu¬ 
ously for six or for seven hours. The sizes 
were numbers 6, 0, and 4/0 and two or 
three tests were made on different samples 
of each size. The final copper temperatures 
were 85 to 157 degrees centigrade, and the 
conductors were practically at these tem¬ 
peratures for four or five hours. 

Copper temperatures of 111 and 113 de¬ 
grees centigrade on two different samples 
produced numerous pustules and some 
blisters in the coverings. In view of these 
facts for only one day’s operation, and con¬ 
sidering the data presented by the authors, 
it is not clear how the authors arrive at 
temperatures of 100 and 130 degrees centi¬ 
grade for normal operation. 

The Chicago tests with copper tempera¬ 
tures of 129 to 157 degrees centigrade for 
four or five hours on URC-type wire pro¬ 
duced many blisters, the phenomenon 
being extreme and accompanied by practical 
destruction of the covering at 157 degrees 
centigrade. These data do not seem to 
justify emergency temperatures of 135 to 
175 degrees centigrade, which are advocated 
by the authors. In general, the effects of 
the high temperatures obviously would be 
very much more severe on the weatherproof 
wires having the old-style coverings. 

In setting up our ratings, one set was 
issued based on a summer ambient of 32 
degrees centigrade and another set for mid¬ 
winter based on an ambient of ten degrees 
centigrade. The former temperature 
merely takes into account the higher sum¬ 
mer temperatures, while the use of the lower 
ambient in winter permits higher ratings in 
winter, which is of value in many installa¬ 
tions. It is not clear from the article what 
the authors recommend on differentiating 
between summer and winter conditions. 

The authors state that the effect of solar 
radiation is neglected. Using data of the 
United States Weather Bureau in Chicago, 
we find decreases of 5 to 15 per cent in 
ratings for summer conditions because of 
solar radiation and believe this factor 
should be taken into account. 

Incidentally, the wind velocity assumed 
in our calculations is two feet per second, 
which is supposed to take into account the 
effect of the convection set up by the condi¬ 
tion of having the weatherproof wire at a 
temperature considerably above the am¬ 
bient. Also, it may be noted that the 
actual maximum temperatures in Chicago 
in summer and winter may be five or eight 
degrees centigrade above the values as¬ 
sumed for the calculations. 
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For bare wires, data given by H. P. 
Seelye and L. F. Hickemell at the meeting 
of the transmission and distribution com¬ 
mittee of the Edison Electric Institute at 
Cincinnati last October indicate annealing 
of copper starting at 100 degrees centigrade. 
The amount of annealing increases rapidly 
with higher temperatures. One of these 
references shows about 40 per cent reduction 
in tensile strength of hard-drawn wire with 
just a few hours' operation at 175 degrees 
centigrade and correspondingly large in¬ 
creases in elongation. With the spacing of 
14 or IS inches between our wires, material 
increases in sag would result in short circuits 
between wires. From a private source we 
learn that annealing has been found in some 
cases starting at 85 degrees centigrade. 

Another important point in connection 
with the use of higher temperatures is that 
the resistance losses are substantially in¬ 
creased all the way from the customer back 
through the entire system to the generating 
station. These increased losses in them¬ 
selves may prove to be more of a disadvan¬ 
tage in regard to available reserve generating 
capacity than the gain in saving copper 
on new installations by using the extra- 
high copper temperatures on the wires. 

It should be noted that an article like the 
authors’ is unusual in challenging the think¬ 
ing of engineers and thereby, in some 
cases, causing large benefits. 


Earl H. Kendall (The Commonwealth and 
Southern Corporation, Jackson, Mich.) : 
The authors are to be complimented on a 
very complete paper on a very timely sub¬ 
ject. The following comments refer largely 
to the section entitled “Mechanical Limita¬ 
tions of Bare and Covered Copper.” 

The second paragraph of this section 
states that there is considerable uncer¬ 
tainty whether copper begins to anneal at 
100 degrees centigrade or 130 degrees 
centigrade and that 100 degrees centigrade 
may be exceeded on occasion without effect 
on the mechanical properties of conductors. 
Considerable research has been conducted 
on the annealing of copper, and some of 
the data are presented in the American 
Society for Testing Materials symposium 
on the “Effect of Temperature on the 
Properties of Metals,” June 1931. The 
data in the report indicate that the de¬ 
crease in tensile strength is more rapid 
above 150 degrees centigrade, and from 
room temperature to 150 degrees centigrade 
the tensile strength decreases about ten per 
cent. 

In the discussion of this report it is 
brought out that copper begins to anneal 
at 150 dep-ees centigrade and is completely 
annealed in about 96 hours. Also, it makes 
no difference whether the heating is con¬ 
tinuous or intermittent so long as the total 
time elapsed at the temperature is the same. 
Prom this, it appears that for practical 
purposes -the very limit for conductors 
should be somewhat less than 150 degrees 
centigrade. 

The authors of this paper also say that 
150 degrees centigrade to 200 degrees 
centigrade might be accepted for an hour 
° r so without material impairment to the 
conductors. As 200 degrees centigrade is the 
recrystallization temperature for copper, and 
above this temperature copper deforms 
Plastically under low stress, 200 degrees 
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centigrade even for very short periods for 
wires in tension is very dangerous. In 
regard to the temperature tests on the 
sample conductors tested under tension, it 
is assumed that the tensile and the elonga¬ 
tion tests were made on the complete con¬ 
ductor and not on the individual wires. 
Such tests are not conclusive because of 
errors introduced by such things as slippage, 
uneven elongation of the wires, stranding, 
and other such items. It would also seem 
that the sample tested at 200 degrees centi¬ 
grade, which is the recrystallization tem¬ 
perature, was operated at too high a tem¬ 
perature to be of value. It would be of 
considerable interest to know how many 
tests were made and to know the length 
of the test samples as elongation and tensile 
strengths vary considerably even for new 
wire because of mechanical damage in 
handling, and so forth. 

The paper accepts 175 degrees centigrade 
as a reasonable operating temperature ceiling 
for overhead conductors during the very 
rare emergencies when there might be one 
or two hours coincident of plant failure, 
maximum load, high ambient temperature, 
and low wind velocity. Such high tempera¬ 
ture even for these rare cases will be very 
dangerous because this maximum tempera¬ 
ture is based on conductors in good condi¬ 
tion, which will not be the case of the ordi¬ 
nary overhead line over its entire length 
as there are always spots which have been 
damaged either mechanically or through 
electrical burns. Such spots when the 
conductors are operated at 175 degrees 
centigrade are, no doubt, above 200 degrees 
centigrade, which is the recrystallization 
temperature. It is indicated from other 
tests that much safer temperatures even 
for emergency use would be somewhere 
between 100 degrees centigrade and 125 
degrees centigrade and certainly not greater 
than 150 degrees centigrade even for rare 
emergencies. 


H. A. Enos (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The authors of this paper have used the 
formulas presented by O. R, Schurig and 
C. W. Frick 1 in an article in the General 
Electric Review of March 1930, but state 
that they have rearranged these formulas 
to facilitate calculation. This has been done 
by regrouping the factors involved in the 
formulas so that one group can be set up as 
a constant called the atmospheric factor K 
and others grouped to provide another con¬ 
stant called the residual factor C. The 
authors have then evaluated these constants 
in terms of the climatic values derived from 
a study of weather bureau records in the 
Philadelphia area. A thorough examination 
of this method fails to disclose any consider¬ 
able advantage to this method from the 
standpoint of calculation. On the contrary, 
it seems to introduce additional and quite 
unnecessary complication. 

It is generally agreed that for the equi¬ 
librium condition the sum of the watts con- 
vected and the watts radiated minus the 
watts absorbed from radiation from the sun 
and adjacent objects is equal to the I 2 R 
watts. ^ For any given set of temperature 
and air-velocity conditions the watts dis¬ 
sipated by convection is equal to the ratio 
of the superficial area of the wire to the 
square root of its diameter, multiplied by 
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an easily determined constant. Also, the 
net watts dissipated by radiation is given by 
an easily calculated constant multiplied 
by the superficial area of the wire. Fur¬ 
thermore, the watts absorbed in the form 
of solar radiation is equal to a simple con¬ 
stant multiplied by the diameter of the 
wire. Upon obtaining the value of the 
total net watts dissipated it is quite simple 
to determine the current which will provide 
those watts. 

Because of the method the authors have 
used in presenting their data it is somewhat 
difficult to determine the actual values of 
some of the factors on which they have 
based their illustrative calculations. As 
near as can be determined, in the case of 
covered conductors they have used a sur¬ 
face temperature of 80 degrees centigrade 
for normal operating conditions and a com¬ 
bination of wind velocity and ambient 
temperature which is quite indefinite as to 
the actual air-temperature values used. If, 
however, an air temperature of 40 degrees 
centigrade is assumed, the corresponding 
wind velocity indicated by their curves 
would be 3.5 miles per hour. In the case 
of bare conductors the surface temperature 
has apparently been assumed at 100 degrees 
centigrade for normal operation, and for 
40 degrees centigrade ambient the corre¬ 
sponding wind velocity would be three miles 
per hour. It is difficult to understand the 
discrepancy between the wind-velocity 
values for bare and weatherproof con¬ 
ductors. I find nothing in the paper to 
indicate what conductor surface tempera¬ 
tures were actually used in calculating 
carrying capacities for emergency opera¬ 
tion. The paper hints that these tempera¬ 
tures are about 130 degrees centigrade. 

The authors justify their use of relatively 
high wind velocities because the weather 
bureau records for several years in the 
Philadelphia area indicate that in less than 
three per cent of the days during June, 
July, and August, would there be tempera¬ 
ture and wind-velocity values more un¬ 
favorable than the ones selected. This 
conclusion may have serious results if it is 
relied upon either by the authors or others, 
because weather statistics covering only a 
few years are no guarantee that a worse 
combination of temperature and wind veloc¬ 
ity might not appear at any time and last 
for a sufficiently long period to endanger 
the conductors and to reduce seriously 
clearances. This is all the more dangerous 
because the authors have assumed that the 
direction of wind movement is always at 
right angles to the conductors. As a matter 
of fact, there is no reason why it could not 
be parallel to the conductors, in which 
case the dissipation because of convection 
would be reduced enormously. The fact 
that a worse combination of air movement 
and temperature is possible is shown by 
the tests made by Schurig and Frick in 
which low wind velocities combined with 
high temperatures existed several times for 
several hours at a time. 

The authors have accepted the erroneous 
conclusion arrived at by Schurig and Frick 
that the effect of solar radiation is negligible. 
It is true that it is relatively small in the 
case of bare conductors, but it is quite 
large in the case of covered conductors. 
Furthermore, it is so easily calculated that 
there seems to be no good reason for ig¬ 
noring it. 
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Schurig and Frick presented a formula 
for the calculation of the heat dissipation 
by radiation. This formula which is quite 
accurate for inside conductors where the 
temperature of the walls of the enclosure is 
the same as the temperature of the air, but 
it is not, as Schurig and Frick assumed, 
correct for overhead conductors outdoors. 
Unfortunately, the authors of this paper 
have fallen into the same error as did 
Schurig and Frick. The correct formula 
for outdoor conductors suspended in the 
open above the earth contains as an effec¬ 
tive emissivity factor a factor equal to the 
product of the respective emissivities of 
the wire and the surroundings. Schurig and 
Frick’s formula contains a similar factor 
equal to the emissivity of the wire only. 
The correct formula also contains an ad¬ 
ditional factor known as the angle factor 
which is a function of the solid angle through 
which both the wire and the surroundings 
"see” each other. One component of the 
radiation formula involves only the net in¬ 
terchange of heat between the earth and the 
wire. Other factors must be introduced 
which evaluate the radiation from the wire 
to the open sky. Under certain conditions 
the radiation to other surrounding objects 
should also be included. The effect of using 
the incorrect formula for radiation results in 
a reduction of about 50 per cent in the actual 
amount of heat dissipated by radiation. 

Schurig and Frick based their conclusion 
that the effect of solar radiation was negli¬ 
gible on the results obtained from tests 
conducted on bare conductors. However, 
a close examination of their test data will 
bring out the fact that the tests they used 
to make such a comparison were made at 
different times and under different condi¬ 
tions and, therefore, have only partial 
validity. Since no tests were made on 
weatherproof wires, a conclusion that solar 
radiation has negligible effect upon the 
temperature rise or the current-carrying 
capacity of weatherproof wires is far from 
justified. The contrary is confirmed by the 
results of calculations which show that in 
the case of number 4/0 weatherproof wire 
the solar radiation reduces the current- 
carrying capacity about 55 amperes, or over 
ten per cent on a clear summer day. In the 
case of number 6 wire it reduces the carrying 
capacity about 11 amperes, or about eight 
per cent. 

Calculation of current-carrying capacities 
of weatherproof wires by the correct formulas 
indicates that adequate current-carrying 
capacities are possible to meet any reason¬ 
able needs for additional current-carrying 
capacity under wartime conditions, over 
and above what has been considered good 
practice in the past, without increasing 
temperature limits to values which are on 
the verge of endangering the strength of 
conductors. Adequate current-carrying 
capacities are also possible without the 
necessity of assuming wind velocities which 
are greatly in excess of those which can be 
reasonably expected to occur sometime 
combined with high ambient temperatures 
and which can last for a sufficient length of 
time to cause unexpected excessive tempera¬ 
ture rises. On distribution systems even 
the range of voltage variation which is 
considered satisfactory under wartime con¬ 
ditions, and which is more than double the 
usual range, will be reached and passed long 
before the current-carrying capacity values 


determined on the basis of the authors’ 
methods will have been reached. There¬ 
fore, there seems to be little excuse for 
stretching current-carrying capacities until 
they closely approach the ultimate limit. 
Furthermore, it should be remembered that 
the resulting excessive wire temperatures 
will cause such excessive sags that there will 
be presented an almost insurmountable 
problem in constructing and maintaining 
overhead circuits. This whole problem of 
current-carrying capacities needs to be 
studied with a proper and rational con¬ 
sideration of all the factors involved. Ade¬ 
quate tests should be made also to check the 
accuracy of the methods of calculation 
adapted. 
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A. H. Kidder: The authors are indebted 
to the discussers of their paper for their 
emphasis of points that may need some clari¬ 
fication. The need for caution in utilizing 
temperatures approaching a critical zone 
for copper is one of which the authors were 
very conscious in the development of ampere 
load limits for their situation. Differences 
of opinion are to be expected and have to be 
reconciled in each particular situation. The 
opinions given by the discussers are very 
similar to many that were weighed in de¬ 
veloping ampere load limits for Philadelphia. 

The authors have undertaken only to 
present a method by which the probable 
effects of ambient temperature and wind 
velocity upon ampere load limits for over¬ 
head conductors may be accounted for con¬ 
fidently by straightforward recognition of 
coincident wind and ambient temperature 
observations. In the situation which the 
authors have used to illustrate their method 
the mean ambient temperature was 24 de¬ 
grees centigrade and the mean wind velocity 
was 11 miles per hour during the three 
hottest months of the year. The authors’ 
analysis of the coincidences, summarized in 
their evaluation of the atmospheric factor 
K, has developed that the average mini¬ 
mum hour value of K occurs at 31 degrees 
centigrade and seven miles per hour; the 
design value for emergency operations 
occurs at 33 degrees centigrade and five 
miles per hour; the design value for normal 
operations occurs at 27 degrees centigrade 
and two miles per hour; while the absolute 
minimum values of K occurred only at 23 
degrees centigrade and one mile per hour. 
Under average atmospheric conditions dur¬ 
ing the three hottest months, therefore, 
there will be over five times the wind veloc¬ 
ity needed to keep the conductor tempera¬ 
ture below 100 degrees centigrade at normal 
load rating or below 135 degrees centigrade 
at the emergency load limits in Philadelphia. 
Extension of their survey to include the past 
15 years of weather observations has not 
disclosed any coincidence more severe than 
23 degrees centigrade at one mile per hour. 

The authors have recognized frankly 
that temperature ceilings might be reached 
under certain very improbable coincidences 
of load and limiting atmospheric conditions. 
The temperature ceilings could not be 


bona fide limits if they were not severe. 
The authors have emphasized the need to 
provide adequate clearance wherever there 
is a possibility that such ceiling tempera¬ 
tures might be reached. The integrity of a 
paper on ampere load limits would be 
questionable, if operations under the 
severest possible conditions could affect 
neither the cover of the wire nor the crystal 
structure of the copper. The product of 
the probability of load equal to the load 
limit of the conductor 1 by the probability 
that the most critical atmospheric condi¬ 
tions will obtain in those hours of load- 
limit loading indicates a contingency so 
remote in normal distribution operations 
and so very, very remote in emergency dis¬ 
tribution operations that it will be a very 
rare occasion indeed when copper tempera¬ 
tures above 100 degrees centigrade are to 
be expected in the conductors of a circuit 
designed to observe the load limits in Phila¬ 
delphia. In fact, the average maximum 
hour copper temperature to be expected 
during the three hottest months in Phila¬ 
delphia is 85 degrees centigrade if operating 
at the emergency load limits, or 70 degrees 
centigrade if operating at the normal 
design limits, but only 39 degrees centigrade 
for the average circuit in which there is better 
than a four to one chance that the load will, 
be below 60 per cent of the normal design 
limit. The authors, therefore, do not con¬ 
sider themselves to be advocates of high 
temperature operations. 

Most readers of the paper will observe 
that it deals exclusively with the physical 
characteristics of the conductor as dis¬ 
tinguished from other limitations which can 
become critical in certain cases before the 
ampere load limits of the conductor are 
reached. Points not already covered in this 
more general discussion will be reviewed 
now in the order in which they were raised 
by the discussers. 

Mr. Halperin’s evident concern about the 
cover of the wire is definitely a secondary 
consideration. Taking reasonable pre¬ 
caution against premature inadequacy of 
conductor sizes used for new installations 
will in all ordinary circumstances provide 
sizes which will operate for years well 
within Mr, Halperin’s temperature limits. 
The value of load limit operations will be 
determined by the extent to which they will 
postpone retirements of conductors whose 
true adequacy is considerably greater than 
would be indicated by calculations based 
upon hitherto conventional assumptions. 
The authors consider the probability of 
somewhat accelerating deterioration in the 
cover on such occasions, to be definitely 
secondary to the alternative of preserving 
the cover by retiring the installation. 

Review of solar radiation shows it to be 
much less of a factor than Halperin and 
Enos expect. "A Summary of Total Solar 
and Sky Radiation Measurements in the 
United States,” by I. F. Hand 2 gives the 
maximum mean hourly total of radiation 
on a horizontal surface to be 65.6 gram- 
calories per square centimeter in Washing¬ 
ton, D. C., 64.0 in New York City, and 
57.7 in Chicago. The higher figure cor¬ 
responds to 0.49 watt per square inch re¬ 
ceived on the (DL) square inches horizontal 
projected surface of the conductor and dis¬ 
sipated from the (tt DL) square inches of 
conductor surface. This would make from 
1.8 per cent to 2.2 per cent reduction in the 
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load limits calculated for bare wire by the 
author’s method, or 2.3 to 2.9 per cent for 
covered wire. The load limits quoted in the 
paper, however, were so conservatively cal¬ 
culated that they are understated by a 
margin sufficient to absorb solar radiation 
without reaching the stated temperature 
ceilings. 

Mr. Halperin quotes some opinions about 
annealing of copper wire. Conflicting hy¬ 
potheses and opinions will make some con¬ 
troversy until more direct evidence has been 
accumulated. In the meantime, however, 
the authors have the assurance of knowing 
that the medium hard wire they tested lost 
16.5 per cent of its initial strength in 44 
hours at 180 degrees centigrade, an average 
loss of four-tenths per cent per hour. As 
in the case of the cover, the eventual cost of 
accelerating somewhat the present rate of 
deterioration in the strength of a conductor 
is preferred to the heavy expense of an im¬ 
mediate replacement. When one considers 
the improbability of temperatures approach¬ 
ing 100 degrees centigrade, it seems almost 
certain that the wire will have been retired 
for some other cause long before its strength 
shall have deteriorated by as much as 15 
per cent. Some allowance for decreasing 
tensile strength may be made quite simply 
if and when desired, by some reduction in 
stringing tensions. 

Mr. Enos’ observation that the authors’ 
method introduces some extra work in the 
calculations of wire rating is pertinent. 
The authors were willing to do the extra 
work in order to make their calculations 
recognize the probable coincidences of wind 
and ambient temperatures in which the 
conductors will operate. Their calculations 
include a 15-year survey of limiting atmos¬ 
pheric conditions. The authors discarded 
consideration of parallel versus crosswise 
wind, as soon as they realized that con¬ 
ductor sag and the natural turbulence of 
the wind would make the cooling effect 
much more nearly independent of apparent 
wind direction than would be developed 
from calculations based upon the arbitrary 
assumption of laminar air flow in the plane 
of an absolutely horizontal conductor. 
The vertical components of the natural air 
motion outdoors will be “crosswise” at all 
times. 

Mr. Enos should have had no trouble 
recognizing the surface temperatures, be¬ 
cause they are given in the titles of the 
Figures 2, 3, 4, and 5 to which he refers in 
the paper. Figures 4 and 5 summarize 
actual coincidences of ambient and wind 
with two different surface temperatures. 
Hence, the design value developed by the 
survey of Figure 4, for a 100 degree centi¬ 
grade surface, should not be expected to 
occur at the same wind velocity as that 
developed from the survey of Figure 5, for 
an 80 degree centigrade surface. The au¬ 
thors would not have expected a better 
correlation than Mr. Enos found in his 
comparison between Figures 4 and 5 at 40 
degree centigrade ambient. The calcula¬ 
tions for emergency operation are based 
upon a 175 degree centigrade surface tem¬ 
perature ceiling for bare conductors and 
upon a 130 degree centigrade surface tem¬ 
perature ceiling for covered wire. 

Mr. Enos alleges that Schurig and Frick 
ave made a serious error because they did 
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not, in their formula for radiation, sepa¬ 
rately identify either the “angle-factor,” 
or the “emissivity factor” of the inclosure 
surrounding the conductor. For the case 
of a completely inclosed body which is small 
compared with the inclosing body, as in 
the case of a conductor suspended outdoors, 
Mr. Enos will find upon further investiga¬ 
tion that the angle factor is unity and that 
the emissivity factor of the enclosure also 
is unity. Schurig and Frick have over¬ 
looked neither factor. The over-all ac¬ 
curacy of their formulas has been corro¬ 
borated in the tests which the authors 
have made. 

Mr. Kendall assumes correctly that the 
authors’ tests were made on the complete 
conductor rather than on its components. 
The samples were over four feet long in 
each case. Tensile tests included both the 
wire and the associated automatic line 
splices at the ends of each sample, as left 
undisturbed in their places throughout both 
the electrical and mechanical tests. Three 
eight-inch extensometer measurements were 
made on each sample, one between bench¬ 
marks on the conductor, a second between 
a benchmark on the conductor and a bench¬ 
mark on the adjacent splice sleeve at one 
end of the test sample, and the third, like 
the second, made between the wire and the 
splice sleeve at the other end of the test 
sample. The authors had expected some 
trouble with strand slippage, and so forth, 
but the extensometer tests from wire to 
splice disclosed no evidence of it. The lay 
of the strands had been pretty well com¬ 
pacted during the heat runs under tension 
in the test frame. The samples were moved 
from the electrical to the tensile test, with¬ 
out bending. The authors, therefore, have 
confidence in their test but realize the 
limitations of the eight-inch extensometer. 
The tests were made primarily to determine 
breaking strength. 

The authors do not share Mr. Kendall’s 
concern about the limiting effect of spots 
where there have been electrical burns or 
mechanical damage. They are satisfied that 
the copper has long since been completely 
annealed at the location of every burn which 
has any significant effect upon the con¬ 
ductor cross section. Mechanical failure 
is to be expected at mechanical weak spots. 
It is to be expected long before there would 
be any reasonable probability of further 
weakening by operations in Philadelphia 
of circuits designed to observe the stated 
ampere load limits. 

Mr. Holm appropriately calls attention 
to the substantially higher ampere load 
limits which can be secured when desired 
by taking advantage of the greater surface 
to cross-section ratios that are obtainable 
in tubular conductor shapes or their equiva¬ 
lents. 

Mr. Olmstead’s review summarizes very 
well both the paper and the discussion of it. 
Each of the factors he lists is one to be con¬ 
sidered in establishing line ratings, although 
the last five factors lie beyond the stated 
scope of the paper at hand. 
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Transmission-Line and 
System Problems in 
Supplying Large Electric- 
Arc Furnaces During 
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O. B. Falls, Jr. (General Electric Company, 
Schenectady, N. Y.): The practical operat¬ 
ing data on the arc furnaces, as well as the 
solution to the power-supply problem, for 
these furnaces as given by the author, 
should be quite valuable. This is particu¬ 
larly true for the larger sizes of electric-arc 
furnace included in this analysis. However, 
it is our opinion that the actual operating 
problems involved in serving power to 
“small” arc furnaces as compared to 
“large” arc furnaces is quite different. 

Operating experience has shown that the 
best over-all performance of a three-phase 
arc furnace used for steel melting is gener¬ 
ally obtained with from 40 to 50 per cent re¬ 
active voltage drop in the total circuit with 
normal current flowing in the circuit. Nor¬ 
mal current is that current in Lhe low- 
voltage arc circuit and is not necessarily the 
rated current of the transformer furnishing 
power to the furnace. Values of reactance 
of 40 to 60 per cent arc given in the Standard 
Handbook for Electrical Engineers, Section 
18, paragraph 135. 1 

These reactance values are the sum of all 
the reactances in the circuit, starting at a 
point in the supply system where the volt¬ 
age may be considered as constant down to 
the arc in the furnace. That is, it must in¬ 
clude the reactance of the high-voltage 
transmission line, step-down transformer 
banks, supplementary reactance, and the 
low-voltage circuit to the furnace proper. 
If this reactance is considered as being all 
air-core reactance, the current swings in such 
circuits will not exceed approximately 2.5 
times the rated current of the arc-furnace 
circuit for 40 per cent reactance. Gener¬ 
ally, the swings will be less than this be¬ 
cause of the resistance in the circuit. 

As a basis of analysis, I will use the ten 
typical installations cited by the author in 
his Table I (refer to Table A of this dis¬ 
cussion). In column 2 is shown the total 
ohms to neutral required in the arc circuit 
for the various sizes of furnaces on the 
assumption that the normal current of the 
arc circuit is approximately the rated cur¬ 
rent of the transformer. The two values of 
ohms given in column 2 for each item repre¬ 
sent the ohms required for 40 per cent and 
50 per cent reactance respectively for the 
values on the left and the right. In columns 
4, 6, and 7 are given respectively the actual 
ohms referred to the low-voltage circuit of 
the step-down transformers, the transmission 
line down to the high-voltage terminals of 
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Table A. Ohms to Neutral of Various Component Parts of Arc-Furnace Installations 

Shown in Author’s Table I 

3 7** 

Trans- 4* Low 9 

2 former Trans- 6 Voltage 8 Supple- 

1 Approximate Sec- former Line Circuit Sum of mentary 

Largest Total Ohms ondary Ohms at 5 Ohms at Approxi- Columns Reactance 



Trans- 

Required 

Volts 

Secondary 

Line 

Secondary 

mate 

4, 6, 7 

Required 

Item 

former 

40 %- 

(As- 

Voltage 

Kilo- 

Voltage 

Ohms 

(Ohms 

(Ohms 

No. 

(Kva) 

50% 

sumed) 

+ 10* 

volts 

-T-lOi 

-t-10* 

+ 10*) 

~-10'i) 

1... . 

.. .15,000. . 

. ..20-26.. 

..270.. 

. . . 4.8... 

.68 . 

. . . .1.9... 

.20 ... 

.26.7 


2. . .. 

. . .10,000. . 

...28-36.. 

..270.. 

. . . 7.2... 

.68 . 

....2.9. . 

.20 ... 

.30 1 


3.. .. 

. . .10,000. . 

...28-36.. 

..270.. 

. . . 7.2... 

.68 . 

_3.7. .. 

.20 ... 

.30.9 


4. . . . 

.. . 7,500. . 

...36-45.. 

..260.. 

. . . 7.2... 

.23 . 

_1.3. . . 

.20 ... 

. .28,5... 

.. 8-17 

5. . . . 

. .. 7,500. . 

...36-45.. 

..260.. 

. . . 7.2... 

.23 . 

_5.1. . . 

.20 ... 

. .32.3... 

.. 4-13 

6. . . . 

... 6,000.. 

...44-55.. 

..250.. 

. . .10.4... 

.68 . 


.17.5. . . 

. .33.7... 

..10-21 

7. . . . 

.. . 5,000. . 

. ..50-63.. 

..250.. 

. . .10.0... 

.23 . 

_2.5... 

.17.5. . . 

. .30.0... 

..20-33 

8. . . . 

. . . 4,000. . 

. ..56-70.. 

..235.. 

. . .11.0... 

.23 . 

_5.4. . . 

.15.0... 

. .31.4... 

..25-39 

9. . . . 

. . . 3,000 . . 

. ..68-84.. 

..225.. 

. . .16.9... 

.23 . 

_1.6. . . 

.15.0... 

. .33.5... 

..34-50 

10.... 

... 3,000.. 

. ..68-84.. 

. ..225.. 

. ..12.7... 

.11.5. 

_1.4. . . 

.15.0... 

. .29.1... 

..39-55 


* 68-kv transformers—10 per cent reactance on own base assumed. 

23-kv transformers—8 per cent reactance on own base assumed. 

11.5-kv transformers—6 per cent reactance on own base assumed. 

** Total estimated ohms to neutral of low-voltage circuit to furnace bus bars, flexible leads, and electrodes. 


the step-down transformer, and estimated 
figures for the secondary circuits from 
furnace transformer to furnace. Column 8 
shows the sum of columns 4, G, and 7. 

Now, if we compare the values given in 
column 7 with those shown in column 2, we 
find that for the larger installations repre¬ 
sented by transformers rated 7,500 kva and 
larger, the total ohms in the arc-furnace cir¬ 
cuit required for satisfactory performance is 
in general inherent in the system, and 
no supplementary reactance, or at most only 
a few per cent of supplementary reactance, 
would be required. On the other hand, 
for the smaller installations, represented 
by transformers rated approximately 6,000 
kva and less, indications are that a rather 
sizable amount of supplementary reactance 
would be required in order to obtain satis¬ 
factory furnace performance. 

In what manner, however, does this con¬ 
clusion affect the data submitted by the 
author? The values of supplementary re¬ 
actance shown as being required for the 
smaller installation, are based on our origi¬ 
nal assumption of from 40 to 50 per cent 
reactive voltage drop required for good fur¬ 
nace performance. This does not mean 
that if this reactance is not in the circuit, 
the furnace will not operate, and for this 
reason it is entirely possible to operate 
furnaces in the smaller sizes without these 
values of reactance. However, as the total 
reactance in the circuit is decreased, the fre¬ 
quency of occurrence of load swings exceed¬ 
ing any given magnitude increases quite 
rapidly. Also, for any given rated current 
value, the magnitude of the individual 
swings will increase as the reactance in the 
circuit is decreased. Both of these factors 
have a direct bearing on the amount of volt¬ 
age variation and the frequency of occur¬ 
rence of the load swings which the utility 
may expect when applying power to the 
smaller arc furnaces. As a result, it would 
appear that in order to obtain a full and 
complete analysis of the effect of any par¬ 
ticular furnace on the transmission or dis¬ 
tribution lines, some knowledge of the total 
reactance in the circuit should be available. 

The author has indicated whether or not 
supplementary reactance was used, how¬ 
ever, no information is given as to amount of 
reactance in the circuit. A very useful 
addition to this paper would be the values of 


total reactance in the furnace circuits in¬ 
cluding the step-down transformer, any 
supplementary reactance, the secondary bus 
bars, apd the flexible leads, and electrodes. 
Also, information should be available on the 
maximum secondary voltage for each in¬ 
stallation as noted in Table I of the author’s 
paper. Such data would make it possible 
to compare the results given in this paper 
with the results obtained in connection with 
similar problems on other power systems. 

I believe that the author is fully aware of 
the importance of having sufficient react¬ 
ance in the arc-furnace circuit, since he 
states that the "frequency of the furnace 
swings and their magnitude govern the 
amount of stiffness required in the system at 
the point of service, for these are the criteria 
of the flicker which will result in voltage 
complaints if any are incurred.” Where 
"large” furnace installations are involved, it 
is reasonable not to give any consideration to 
the problem of reactance, since sufficient re¬ 
actance is usually inherent in the system. 
As pointed out, however, the matter of 
whether or not supplementary reactance is 
available in the smaller furnace installations 
is quite important, since the inherent re¬ 
actance in the system is usually small com¬ 
pared to the total reactance required. 

The author, in Table I, has indicated that 
the voltage swings at the nearest critical 
substation bus for the ten cases cited have 
been in general within tolerable limits. In 
connection with this, I would venture the 
comment that either one of two things has 
happened in order to obtain such values. 
The two points are that either the utility 
has been required to build an extra good sys- 
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tern up to the nearest critical substation bus, 
or that values of supplementary reactance 
approaching those shown in my Table A 
have been used, particularly for the smaller 
sizes of furnaces. If the latter is the case, the 
utility probably can feel quite fortunate. 

The statement was made previously that 
with the values of reactance proposed, the 
current swings would not exceed approxi¬ 
mately 2.5 times the rated current of the 
arc-furnace circuit if the reactance was all 
air-core reactance. In any given installa¬ 
tion, however, there will be some iron-core 
reactance as well as some air-core reactance. 
In the type of circuits being considered, air- 
core reactance is that attributable to the 
transmission lines and the secondary bus 
and electrode circuits, and possibly that of 
any supplementary reactance. Transform¬ 
ers may be considered also as being air-core 
reactance. Supplementary reactors may be 
either iron core or air core. Again looking 
at Table A, we can draw the general conclu¬ 
sion that for the larger furnace installations, 
the reactance in the circuit can be con¬ 
sidered as being almost entirely air-core 
reactance. For the smaller furnace trans¬ 
former installations, however, if we con¬ 
sider that the supplementary reactance is 
iron core, the total reactance in the circuit 
will be predominately iron-core reactance. 
On the other hand, if we consider that the 
supplementary reactors are of the air-core 
type, the total reactance will be predomi¬ 
nately air-core reactance. Since the type of 
iron-core reactors usually used with arc 
furnaces will have straight-line reactance 
only up to approximately 150 per cent, it 
would be interesting to investigate the prob¬ 
lem of which type of supplementary react¬ 
ance should be used if it is necessary to use 
it at all. Since iron-core reactors may be 
subject to saturation above approximately 
150 per cent of their normal rating, there is 
always the possibility of the reactor becom¬ 
ing saturated to such an extent that the 
total ohms in the circuit will be reduced 
below a value which would limit the current 
swings and the frequency of swings above a 
given magnitude to tolerable values. 

In explanation of this, I would refer to 
Figure 1 of this discussion, which shows the 
volt-ampere characteristics of a 30 per cent 
air-core reactor and a similarly rated iron- 
core reactor with a straight-line character¬ 
istic up to approximately 150 per cent of 
rated current. Actually, at 150 per cent of 
rated current this reactor shows a decrease 
in reactance of approximately ten per cent of 
the rated value. Let us assume, for an ex¬ 
ample, an installation having approximately 
50 per cent total reactance in the arc-furnace 
circuit. Of this 50 per cent, 20 per cent is 
air-core reactance, and 30 per cent is in the 
supplementary reactor. For a three-phase 
short circuit, the current will be approxi¬ 
mately twice normal if the reactor is of the 
air-core design and does not saturate. If, 
however, the reactor is of the iron-core type, 
and we assume a three-phase short circuit, 
the reactance of the reactor will decrease to 
approximately 20 per cent, giving a total of 
40 per cent for the total circuit, which results 
in a load swing of approximately 2.5 times 
normal; therefore, the result is that the 
maximum possible magnitude of the swings 
has increased approximately 25 per cent. 
The actual magnitude of swing will not be, 
of course, two times normal, or 2.5 times 
normal since the resistance of the circuit 


1943, Volume 62 


Discussions 


393 























































will tend to reduce these values. The in¬ 
crease in magnitude of load swings caused 
by saturation of the iron-core reactor will ap¬ 
proach 20 to 25 per cent on the basis of using 
an iron-core reactor having a straight-line 
characteristic up to approximately 150 per 
cent rather than an air-core reactor. 


B. M. Jones: I would like to take this op¬ 
portunity to say that I take great pride in 
the fact that the picture on the front of the 
program for the technical meetings in 
January 1943, sent to all members by mail, 
was taken from my article. 

A representative of a very large furnace 
manufacturer told me just before this meet¬ 
ing that they had built in 1941 and 1942, and 
had on order for 1943, more furnace produc¬ 
tive capacity than they had built in their 
entire previous history. These furnace ton¬ 
nage capacities were approximately 800,000 
tons in 1941, 800,000 tons in 1942, and 
1,200,000 tons on order for 1943, 

Regarding Mr. Falls’ comments, the 
writer most heartily agrees that the operat¬ 
ing problems involved in serving ‘ ’small” 
electric furnaces are much different than 
those in serving large furnaces. In the 
latter case, generally speaking, the furnace 
swings in proportion to the rating of the fur¬ 
nace are smaller, and the line to supply the 
big furnaces would probably be inherently 
larger, whereas for the smaller furnaces, the 
swings are larger on a percentage basis with 
a smaller line and probably connected to a 
weaker spot in the system. Thus, for the 
smaller furnaces a more serious problem is 
at hand. Our operating experience has 
shown that present over-all performance is 
obtained on the medium and small size fur¬ 
naces with an appreciable amount of re¬ 
actance, and we feel that something of the 
order of 40 per cent range to a higher figure 
for the smaller furnaces is a good starting 
point, with, of course, adjustable taps on 
the reactance to obtain the optimum oper¬ 
ating condition for each installation. 

Relative to Mr. Falls 1 question as to the 
amount of reactance, supplementary, sec¬ 
ondary bus bars, flexible leads, electrodes, 
and so forth, this information was not avail¬ 
able. Admittedly, it would be desirable to 
have this, but we just did not get it. It can 
be determined from measurements of the 
furnace in operation in a steady-state con¬ 
dition, together with the known electrical 
data on certain parts of the circuit. We do 
realize the. importance of having sufficient 
reactance in the circuit, a supplementary 
reactance in the smaller furnaces. Right 
here I would like to point out to all power 
companies supplying furnaces or about to 
supply furnaces, that this is a very impor¬ 
tant thing for the medium and smaller size 
furnaces, and it may and probably will be 
very important on even very small furnaces 
on a small system or on a weak spot in a big 
system. Our 22-kv transmission system is 
relatively stiff at points of connection to 
some of these furnaces, and undoubtedly 
that contributes to the lack of complaints. 

. fter 13 sai(i a nd done, if you have an 
adjustable device, taps on the reactors in 
this case, the operators are going to juggle it 
around to what in their opinion is the best 
operating condition. In the case of electric 
furnaces, this varies among different plants, 
tw melting superintendents think 
an intermediate position on the reactor 
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is the best, while someone else feels that it 
should be adjusted to the absolute minimum 
reactance. We have determined that cer¬ 
tain furnace installations can actually con¬ 
sume more kilowatt-hours by operating on an 
intermediate reactance tap and maintain a 
steady arc, thus producing more heat in the 
melting pot, than by operating without the 
reactance with higher currents being fre¬ 
quently interrupted. We have actual meas¬ 
urements of this, using kilowatt-hour 
meters to prove it, but it fell on deaf ears. 
I have also verified this with engineers in 
several steel plants and their experience has 
been the same. So, I believe any power 
company taking on electric furnaces should 
recognize this point and be in a position to 
handle the loads in whatever manner the 
melting superintendent may operate. 

Relative to the use of series capacitors for 
handling furnace loads, I feel that the proper 
application of the capacitor will go a long 
way toward smoothing out the furnace 
swings before they get back into the system, 
but the design and setting must be co¬ 
ordinated very carefully with the electrical 
characteristics and operation of the furnace. 
For instance, it might not be so satisfactory 
to install a series capacitor for a certain 
range of operation of the furnace and then 
have the furnace performance increased 
very radically, for the condenser might not 
be able to cover such a wide range. I recall 
that this was discussed somewhat between 
Mr. Falls and the writer at the Association 
of Iron and Steel Engineers meeting, Can¬ 
ton, Ohio, May 1941, and at that time it 
was pointed out that there were one or two 
series capacitors in satisfactory operation on 
long lines supplying small electric-arc fur¬ 
naces somewhere in South America. 

I do not want to leave the impression that 
the electric-power companies are afraid of 
electric-arc furnaces or that they do not 
want this type of load, for such is farthest 
from my thoughts. I merely want to point 
out some of the problems that have to be 
solved to provide adequate service for such 
loads and still carry the rest of the load in a 
satisfactory manner. 

.We are stretching our former limits (and 
will stretch them more if necessary) and are 
putting up with conditions in wartime that 
probably will have to be improved in peace¬ 
time—all to minimize the use of a critical 
material, copper, and we are in full accord 
with the War Production Board in its sin¬ 
cere efforts to make the copper go around! 


Dielectric-Recovery 
Characteristics of 
Large Air Gaps 


Discussion and authors’ closure of paper 43-10 
by G. D, McCann and J. J. Clark, presented 
at the AIEE national technical meeting. New 
York, N. y., January 25-29, 1943, and pub¬ 
lished in AIEE TRANSACTIONS, 1943, 
January section, pages 45-52. 


J. H. Hagenguth (General Electric Com¬ 
pany, Pittsfield, Mass.): The paper de¬ 
scribes an interesting method for testing 
recovery rates of air caused by successive 


impulses. On studying the test results 
there are several questions which arise as to 
the interpretation of the results. 

In Figure 2 of the paper are shown a num¬ 
ber of initial current waves which have so- 
called initial crests followed by either a low 
current steady crest (waves A, B, D, H, G f 
and J), or by a crest of approximately the 
same amplitude (waves C, E, F, and I). The 
high initial crest is explained as the result of 
the discharge of the charges in the gap after 
the intense "return streamers" are formed 
which propagate back to the electrodes. 

Such a phenomenon undoubtedly occurs; 
however, I cannot quite understand the 
high initial current amplitudes which the 
authors obtained, ranging from 1,390 am¬ 
peres to 23,000 amperes. The principal 
constants of the circuit producing this cur¬ 
rent consist of the capacitance C of the gap, 
the inductance in series with the discharge, 
and the impedance R of the breakdown path 
between the electrodes. The maximum cur¬ 
rent crest that can be produced in such a 
circuit is 

r.-E^xr y|.I 

where E is the voltage applied to the gap 
at the time of sparkover, and Fisa reduction 
factor, the value of which depends on the 
ratio of R/Z. F=lforR/Z = 0. F=0.37 
for R/Z— 2. The dimensions of the rod- 
gap circuit and the wave shape of the 
initial voltage waves causing breakdown 
are not given in the paper, and therefore 
only approximate calculations can be made 
as to the expected initial current maximum. 

The critical sparkover of a six-inch rod 
gap as given by Figures 4 and 5a is approxi¬ 
mately 135 kilovolts. The usual capaci¬ 
tance of a six-inch rod-gap installation set up 
according to rules of the Joint Insulation 
Co-ordination Committee 0 of the National 
Electric Manufacturers’ Association and the 
Edison Electric Institute is approximately 20 
micromicrofarads. Unless additional capaci¬ 
tance, not mentioned in the paper, was con¬ 
nected, the test capacitance should be of this 
order. The inductance would be of the 
order of 0.75 microhenry. The impedance 
R is, of course, variable but should be rela¬ 
tively high, of the order of thousands of 
ohms, for discharges of such short time. 
Therefore, the factor F should be of the 
order of 0.7 or less. With a sparkover volt¬ 
age of 135,000 volts this would give a cur¬ 
rent crest of 135,000X5.18X10~ 3 X0.7 = 
490 amperes or less. 

This current value should be the same for 
all tests where high series resistance was 
used in the main discharge circuit. For 
waves D, E, and F where low series resist¬ 
ance was connected, the gap may have been 
overvolted before sparkover occurred and 
therefore the initial current peak may have 
been higher, say 2 to 3 X490 amperes. All 
these values are considerably below those 
given in the paper. 

In order to obtain an initial current peak 
of 23,000 amperes for wave F, the constants 
of the initial spark circuit would have to 
differ as shown in Table I of this discussion. 

Other variations are possible, but all 
these figures indicate that such a high initial 
current peak for the test condition is im¬ 
probable. 

Since this initial current discharge occurs 
in a small fraction of a microsecond (0.1 
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Tabic I. For 23/000 Amperes Initial Current Peak of Wave F 


C = 20 micromicrofarads.C = 20 micromicrofarads. L~ 0.75 microhenry 

L = 0.75 microhenry. B = 135,000 volts. E = 135,000 volts 

E =» 6,350,000 volts.L = 3.12 X10 “ 4 microhenry's. C = 48,000 micro microfarad 


microsecond or less as shown in Figure 2 
of the paper), the rate of initial current 
rise, assuming 490 amperes crest, would be 
of the order of 5,000 amperes per micro¬ 
second. A small inductance in the measur¬ 
ing shunt or in the ground circuits might 
appreciably affect the measurements and 
may in part account for the high initial 
crest currents reported. 

The curves of Figure 3 are very revealing 
in showing the recovery voltages for the 
different current waves. It would be 
interesting to study this behavior in a 
region representative of the more severe 
lightning currents. 

Measurements at the Empire State 
Building 1 ’show that 50 per cent of the cur¬ 
rent peaks had a charge of 0.17 coulomb to 
half value of the current, 10 per cent one 
coulomb, and one stroke 5.0 coulombs, com¬ 
pared with a total charge of 0.238 coulomb 
maximum used in the paper. In Figure 4, 
50 per cent of the long duration lower am¬ 
plitude currents had a charge of 25 coulombs 
or more. The current amplitudes at the 
same station show 50 per cent to be higher 
than 7,000 amperes, 10 per cent higher than 
20,000 amperes, and one stroke higher than 
58,000 amperes. Magnetic link measure¬ 
ments on transmission line towers, taking 
into account all tower currents, indicate 50 
per cent between 11,000 amperes 2 and 21,000 
amperes. 8 Taking into account only the 
currents at the tower struck or closer to 
the stroke, this value increases for 50 per 
cent of the strokes to 35,000 amperes. On 
transmission lines, two conditions of initial 
sparkover have to be considered. If the 
stroke contacts the tower, and flashover 
occurs from tower to line, then the impulse 
current through the spark will be of the 
order of i — IR/Z where I is stroke current, 
R ground resistance, Z surge impedance of 
the line wire. If, however, the stroke con¬ 
tacts the line and flashover occurs at the 
adjacent tower, the current flowing through 
the spark will be of the same order as the 
tower currents because of direct strokes or 
strokes to the ground wire. In this case 
the spark will conduct to ground a consider¬ 
able part of the continuing discharge of the 
stroke, while in the former case the continu¬ 
ing portion would be rather small. It would 
seem, therefore, of interest to obtain re¬ 
covery voltage curves for current discharges 
of considerably higher amplitude and 
charge. 

The data as presented do not permit draw¬ 
ing a conclusion on the factors which con¬ 
tribute to the slow recovery rate, whether 
current amplitude or charge is responsible. 
In the wave shapes selected the second cur¬ 
rent peak and the charge vary in the same 
manner as the recovery curves of Figure 3. 
Perhaps the authors have some further un¬ 
published material where equal current am¬ 
plitudes were applied, but the charge of the 
waves was varied over a considerable 
amount. It should be expected that both 
current amplitude and charge will be re¬ 
sponsible for a given recovery characteris¬ 
tic. In a paper in preparation, J. W. Flow¬ 
ers shows that the impulse spark tends to 


establish a channel of such size that the cur¬ 
rent density is of the order of 1,000 amperes 
per square centimeter in the region between 
100-ampere and 100,000-ampere crest, start¬ 
ing with initial densities of 27,000 amperes 
per square centimeter or more. This 
would indicate that the current amplitude 
provides only a larger volume of ionization 
within this volume; however, ionization 
should be essentially constant. 

The charge flowing through a given vol¬ 
ume, however, should be much more im¬ 
portant in ionizing this volume to a greater 
extent as the charge increases. Such 
phenomena can be observed during the 
formation of long 60-cycle arcs. 

A point of importance, I believe, is the 
manner of application of the second impulse. 
The authors say very little about this ex¬ 
cept that the wave has a l 1 /* X 40 shape and 
that the series resistance had to be fairly 
high, which could have produced appreci¬ 
able regulation. In Figures 8 and 9, a 
few of the voltage and current waves of the 
second discharge are shown. The currents 
are presumably of the same order of magni¬ 
tude as for the second impulse currents 
for the other discharges. In multiple 
lightning strokes the second discharge 
current is frequently of the same order of 
magnitude as the first, and in power sys¬ 
tems the currents available at the fault 
during recovery in many cases should be of 
the order of the load current at least or 
several hundred amperes. The energy 
available for restriking should be consider¬ 
ably greater than that indicated by Figures 
8 and 9. 

It seems to me that the power arc recov¬ 
ery rates should be used in Figure 16 for di¬ 
electric recovery rates, since even the short 
initial power current flowing through the 
fault very likely is of the order of 100 am¬ 
peres or more. Furthermore, in most cases 
where the stroke contacts the ground wire 
or tower, and arcover occurs from tower to 
line, the phase with the highest operating 
frequency voltage crest should arc over. 
Laboratory tests indicate that the impulse 
voltage required to flashover an insulator 
string is reduced from its critical flashover 
voltage by the approximate amount of the 
instantaneous value of the normal frequency 
voltage H of opposite polarity, and in¬ 
creased by the same amount or more if the 
normal frequency is of the same polarity 
as the impulse voltage. There is always a 
positive or negative voltage in excess of 50 
per cent of the crest on one of the conduc¬ 
tors of a three-phase system. The time T 
at which two of the phases have equal po¬ 
tential is about 1,400 microseconds. This 
time, therefore, will be the most probable 
minimum time between the normal 60- 
cycle zero voltage and the time of flashover 
for strokes to the tower modified by wire 
swing and line clearances. For strokes to 
the line wire direct, which should occur 
rarely where ground wires are used, the time 
T may be anywhere on the cycle. 

I agree with the authors that the duration 
of multiple strokes 6 and the dielectric re¬ 


covery from power arcs are the principal 
factors governing circuit reclosing times. 

References 

1. Lightning to the Empire State Building, 
K. B. McEachron, AIEE Transactions, volume 
60, 1941, September section, pages 885-90. 

2. Experience With Preventive Lightning 

Protection on Transmission Lines, S. K. Wal¬ 
dorf. AIEE Transactions, volume 60, 1941, 

June section, pages 249-54. 

3. Lightning Investigation on Transmission 
Lines— VII, W. W. Lewis, C. M. Foust. ArEE 
Transactions, volume 59, 1940, April section, 
pages 227-34. 

4. Multiple Lightning Strokes, K. B. 
McEachron, AIEE Transactions, volume 53, 
1934, December section, pages 1633-7. 

5. Discussion by K. B. McEachron of Experi¬ 
ence with Ultrahigh-Speed Reclosing of 
High-Voltage Transmission Lines. AIEE 
Transactions, volume 58, 1939, December section, 
page 635. 

6. Recommended Transformer Standards, H. 
V. Putman, J. E. Clem, AIEE Transactions, 
volume 53, 1934, December section, pages 1594-7. 

G. D. McCann and J. J. Clark: Mr. Hagen- 
guth believes that the initial high currents 
of very short duration occurring at the 
first instant of gap breakdown cannot be 
as large as recorded. To attempt to prove 
this he calculates their crest magnitude on 
the simplified assumption that these cur¬ 
rents are simply the discharge through an 
equivalent lumped resistance and induct¬ 
ance of the charge stored in the gap by vir¬ 
tue of its capacity (the air between its elec¬ 
trodes acting as a perfect dielectric). He 
assumes that perfect conduction starts in¬ 
stantaneously. This, however, is not the 
actual mechanism of the discharge. As 
pointed out in the paper, the gap breakdown 
starts in the form of "initial leaders’ 5 propa¬ 
gating from each electrode. At the instant 
they meet, there is distributed in the gap, 
along the channel which they have blazed, 
considerable charge in addition to that 
which he assumes. The current flowing at 
the brief instant after the "return stream¬ 
ers’ 5 reach the electrodes depends upon a 
number of factors difficult to evaluate 
analytically and not represented by Mr. 
Hagenguth’s calculations. 

The authors agree that it would be inter¬ 
esting to determine dielectric recovery char¬ 
acteristics for higher crest currents and for 
discharges of longer duration involving 
larger amounts of charge. However, with 
regard to crest magnitudes, the discharge 
currents studied are typical of the majority 
of strokes, and representative values of both 
crest current and time to half value were 
studied. In considering data on crest tower 
currents it is thought that Mr. Hagenguth 
has misinterpreted the data of Waldorf 
(reference 2 of his discussion). The figure of 
11,000 amperes applies to currents in the 
tower struck or close to the terminating 
point of the stroke instead of to all recorded 
tower currents. The figure of 35,000 am¬ 
peres for the magnitude exceeded by 50 per 
cent of the maximum tower currents of each 
stroke is thought to be considerably too 
high. Data available to the authors from 
the investigation of Waldorf and others 
show that this figure ranges from 8,000 to 
15,000 amperes depending upon span 
length and tower footing resistance. 

With regard to the relative effects of crest- 
stroke magnitude and total charge upon the 
rate of dielectric recovery, the authors be- 
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lieve that increasing the total charge and 
the stroke duration should have a greater 
effect than increasing the crest magnitude. 
The data presented in the paper show that 
variation of crest magnitude and charge of 
the initial high current short duration por¬ 
tion of a stroke component (for the prac¬ 
tical range of values that have been re¬ 
corded) does not materially influence the 
rate of recovery. However, the rate of 
recovery undoubtedly will start to decrease 
considerably under certain conditions as the 
duration of low magnitude current flow and 
resulting charge is increased. 

Mr. Hagenguth questions the manner of 
application of the second discharge, think¬ 
ing that, because small currents were ob¬ 
tained for the subsequent discharge, the 
small amount of energy available for restrik¬ 
ing would not give typical results. Whether 
or not restriking takes place is deter¬ 
mined by the character of the voltage across 
the gap and not the current that flows after 
the breakdown. For the smaller time inter¬ 
vals the current resulting from a restrike at 
or near the critical restriking voltage is 
naturally considerably less than for longer 
time intervals, since less voltage is required. 
However, the voltage applied for the re¬ 
striking study always had a IV 2 micro¬ 
second front and a time to half value of at 
least 40 microseconds until it was raised 
high enough for a restrike to take place. 

Impulse and 60 -Cycle 
Characteristics of Driven 
Grounds—III. Effect of 

Lead in Ground 
Installation 

Discussion and authors’ closure of paper 43-12 
by P. L. Bellaschi and R. E. Armington, pre¬ 
sented at the AIEE national technical meeting, 
New York, N. Y., January 25-29,1943, and 
published in AIEE TRANSACTIONS, 1943, 
pages 334-45. 


J. H. Hagenguth (General Electric Com¬ 
pany, Pittsfield, Mass.): The principal 
contribution of the paper seems to lie, in 
my opinion, in that it brings out in numerous 
examples the effect of inductance of leads 
and towers on the total voltage developed 
at the stroke contact point for given stroke 
currents. 

Of course, this has been known by many 
people concerned with lightning protection, 
and the detrimental effect of the inductive 
drop has been emphasized, especially to 
provide short connections between pro¬ 
tective devices and the apparatus to be 
protected, and the inductive effects have 
been used to calculate the over-all protective 
effects. These facts perhaps have not been 
recognized clearly by many, and therefore 
the publication of a theoretical analysis of 
the problem is of considerable use in calling 
attention to the relatively high voltages 
that may result from the inductive drop. 
Figure 1 of this discussion might be useful 
in emphasizing the relative effects of resist¬ 
ance and inductance. The voltages de¬ 
veloped are calculated for the highest cur- 



Figure 1. Relative importance of inductance 
and resistance in the ground connections of a 
lightning-rod system 

Actual lightning current wave measured by 
oscillograph 5 

rent wave measured at the Empire State 
Building 1 which is shown in the insert, using 
values of inductance and resistance as indi¬ 
cated. 

The paper uses for resistance values the 
impulse resistances found from test and 
published in two previous papers. In a 
previous discussion it was stated that the 
measurements do not apply necessarily to 
stroke currents at the location of lightning 
contact with the ground electrode, where 
current fronts of much shorter duration 
than 6 to 20 microseconds should be ex¬ 
pected. The Empire State investigation 1 
gave current fronts of from 0.1 to 6 micro¬ 
seconds, with 50 per cent shorter than one 
microsecond. The rate of current rise 
ranged between 0 kiloamperes per micro¬ 
second and 35 kiloamperes per microsecond, 
with 50 per cent of the strokes having a rate 
of rise of 14 kiloamperes per microsecond. 
Similar values of rate of current rise were 
reported by other investigators. 2 

It can be said therefore that current 
fronts at the point contacted can be fre¬ 
quently of the order of two microseconds or 
less. For fronts of such steepness, the 
resistance tests reported previously and used 
in this paper hardly apply. Inasmuch as 
the lowering of the resistance is a breakdown 
phenomenon, it should be expected that 
the breakdown voltage depends on time, 
similar to breakdown in oil, air, or other 
materials. It is only after resistance change 
at short times has been investigated that 
curves of the type shown in the paper can 
be applied. It is evident that a reduction 
in resistance to 50 per cent which is indicated, 
by all of the reported measurements for the 
larger values of current will make a great dif¬ 
ference in calculated potential. There is 
some question even whether the initial im¬ 
pulse resistance for steep current fronts may 
not even be higher than the 60-cycle resist¬ 
ance, disregarding the inductive and capaci¬ 
tive impedance components. The effective 
resistance of an electrode is determined, not 
only by the electrode shape, but also by the 
distribution of current between the electrode 


and the ground plane. It has been shown by 
Bewley’s multivelociLy theory 3 that this 
ground plane changes its position relative 
to the earth’s surface as the current wave 
travels along a ground wire or a counter¬ 
poise. Therefore, the effective ground area 
carrying current should become grealer 
with time resulting in a lower resistance at 
the longer time. While this phenomenon is 
not very clear at present, it does indicate 
that initial resistances may be even higher 
than the 60-cycle resistance, since for 60- 
cycle current, distribution in the ground can 
be of very great extent. 

Some effect of wave front can even be 
detected from an analysis of resistance 
measurements of Parts I and II of the paper 4 
as shown by Figure 2 of this discussion. 
Curve 1 is grounds C and D of Table II, 
Part I, with six microsecond front; curve 
2—grounds B, C, and D of Table IV, Part I, 
with 12 microsecond front; curve 3— 
grounds F, G, and P; curve 4—ground M of 
Part II of the paper with 15 to 20 micro- 


1.0 


w 0.9 
o 
2 

to 
to 

g 0.7 

UJ 

d 06 


0.5 


£ 0.4 


3o. 

D 

CL 


i 0 . 

a: 


□ 



r 

r 




r" 

r 

r 






□ 

■ 








■ 

■ 






■ 


■ 

■ 






S 

■ 






L 


a 

■ 

■ 





■ 

■ 








a 

* 

s 

■ 

■ 












■ 

X 

s 

ne 

m 



w 

AV 

E F 

RC 

)N' 

r 

s" 




if 

N 

s 

m 

a 


B MICROSECOND 



■ 

■ 

K 

s 

a 

R 

s m 

TTTTI ' 

MICROSECONDS 





■ 

a 

SI 


g 

12 






■ 

B 

S 


S 

<f5-AVERAGE 

— 











V 

Uh 1 IU -4 “ 
Ifl MICRO - 











SECONDS 





























? 

- 











4- 

8h 

/1ICROSECONC 

s* 

















































































100 200 300 

IR DROP-KILOVOLTS 


Figure 2. Effect of wave front of applied 
surge on the impulse resistance of grounds 
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1. C,D Table II, part I 

2. C,D Table IV, parti 

3. F,G,P Table III, part II 
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second wave fronts, while curve 5 is an 
average of all measurements. It is inter¬ 
esting to note that the reduction in ground 
resistance becomes less as the wave front 
becomes steeper. 

The abscissa is the IR drop calculated from 
the measured current crest and the a-c 
resistance of the grounds as suggested by 
Towne. 3 4 5 6 

While there exists a distinct difference 
because of wave front, the average curve 
should be useful for calculations for slow 
front waves. The parallel connections 
tested and shown in Part II fall well within 
the range of curves 1 and 4. Thus, instead 
of calculating the impulse resistance for 
any particular installation, using the equa¬ 
tions of Part II, the average curve can be 
used if the 60-cycle resistance is known by 
measurement or calculation. 

The calculations of Figures 18 and 19 of 
the paper, with respect to the counterpoise 
voltages, seem to be too optimistic. The 
impedance of a 200-foot counterpoise for 
a one microsecond current front should be 
more nearly of the order of 60 to 80 ohms 
as compared to the 15 to 20 ohms given 
in the paper. This follows from tests 6 as 
well as independent calculations. 

The calculations indicated by Figure 25 
to Figure 27 in the paper show an inter¬ 
esting approach to explain the formation of 
the lightning currents in the ground at, and 
near the point of contact. Incidentally, the 
abscissa values of Figure 27 apparently 
should be multiplied by a factor of two to 
conform with the text. There are several 
points of argument with regard to the 
fundamental factors used, such as the veloc¬ 
ity of Ihe return stroke and the apparent 
change in velocity, the velocity of propaga¬ 
tion of currents in the ground, the forma¬ 
tion of streamers at ground terminals, and 
their effect on the charge distribution and 
others. 

Many of these factors are pure speculation 
at the present time, and arguments there¬ 
fore would be useless. 

I hope that the paper will help to make it 
more clear to many engineers that the tran¬ 
sient impedance of grounds has to be con¬ 
sidered to provide intelligent protection. 

While all the factors involving transient 
impedances are not known, sufficient data 
are available from this paper and others 
mentioned in the bibliography of this 
paper 6 - 7 * 8 to arrive at intelligent conclusions, 
with a good probability that in the majority 
of cases, the ground installation will be 
adequate. 
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F. O. Wollaston (Commonwealth Edison 
Company, Chicago, Ill.): This very com¬ 
prehensive paper sheds light on some puz¬ 
zling points in connection with grounding. 
For example, tests by Davis and Johnston 
(reference 6 of the paper) showed appreci¬ 
able voltage drop in towers for moderately 
steep-fronted waves, which was attributed 
to resistance as well as inductance of the 
structure. This paper brings out very 
clearly that the resistance of the tower is not 
an important factor, the only important 
resistance being that of the ground. For 
another example, the ineffectiveness of 
very deep grounds under certain conditions 
is satisfactorily explained. Instances are 
on record where fiashovers occurred at 
towers with deep grounds, although the 
resistance of the grounds theoretically was 
low enough to prevent fiashovers. One con¬ 
cludes that the best practical procedure for 
obtaining good grounds in difficult soil is 
first to try multiple surface grounds, in¬ 
cluding counterpoises of moderate length, 
and go to deep grounds or long counterpoises 
as a last resort. 

Figure 15c of the paper is interesting in 
showing the transient impedance character¬ 
istic of a counterpoise. The initial im¬ 
pedance is much higher than the final value, 
which is the leakage resistance. The find¬ 
ings confirm those of Bewley and Hagen- 
guth, using the conception of multivelocity 
wave components. 

After reading this paper one grasps more 
clearly the importance of the wave shape of 
the lightning stroke in determining the 
total potential developed on the structure, 
and also the important effect of the ground¬ 
ing arrangement in determining what the 
wave shape of the stroke current going to 
ground will be. Some revision of ideas as 
to wavefronts to use in calculations on 
lightning protection may be in order, as 
indicated by the comparison of the sinu¬ 
soidal and exponential waves in the paper. 


P. L. Bellaschi and R. E. Armington: First 
we want to thank those who have discussed 
the paper for their contribution to the sub¬ 
ject. The field experience with deep 
grounds Mr. Wollaston cites is interesting. 
This is in agreement wi Lh similar experience 
reported on extensive grounds and is in ac¬ 
cord with the results of the paper. 

The example on the relative importance 
of inductance and resistance in a lightning 
rod system that Mr. Hagenguth gives in 
Figure 1 of the discussion is particularly 
pertinent, for the current selected in these 
calculations is from a direct stroke of light¬ 
ning actually recorded. 

With reference to the resistance of driven 
grounds for current fronts of short duration, 
the problem was examined and analyzed 
in some detail in the preceding paper. 


The data and analysis referred to show that 
the variation of the true resistance rapidly 
follows the current with no appreciable time 
lag for wave fronts as fast as two or three 
microseconds, the limit that the data can 
be interpreted. The results also bear out 
that the resistance starts out initially at, or 
close to the sixty-cycle value. As stated in 
the preceding paper, it is quite possible that 
the true resistance for a very rapid rise of 
current to crest, in one microsecond, could 
result in a time lag in the decrease of the re¬ 
sistance from high to low value. All this 
would mean that for steep currents the 
effective resistance is sustained somewhat 
higher than for the longer fronts. However, 
considering that the inductance effect pre¬ 
dominates during these rapid current varia¬ 
tions, the method of analysis followed for 
the driven grounds hardly demands greater 
refinements for engineering purposes. For 
the extensive grounds the 60-cycle resistance 
was used which procedure should be on the 
conservative side. 

The calculations in Figures 18 and 19 of 
the paper for the counterpoise are for 
grounds of fairly low resistivity. We re¬ 
alize that most counterpoise applications 
are in soils of high resistivity. These curves 
were intentionally drawn for soil of low 
resistance to accentuate for comparison 
purposes the inductive effect. The current 
waves in the illustration of Figure 27 of the 
paper would be of longer duration for a 
slower velocity of propagation than that 
assumed. A velocity of propagation of the 
current in the earth slower than one-third 
the velocity of light is not only possible but 
quite probable. This would mean that the 
duration of the lightning current as de¬ 
duced from the method of analysis in the 
paper approaches closely the average dura¬ 
tion of 40 to 50 microseconds for lightning 
current discharges actually recorded in the 
field. . 

Electrical Stability of 
Electrical Insulating Oils 
Under Limited Oxidation 

Discussion and author's closure of paper 43-23 
by J. C. Balsbaugh and A. G. Assaf, pre¬ 
sented at the AIEE national technical meeting. 
New York, N. Y., January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
pages 311-22. 


G. B. Shanklin (General Electric Company, 
Schenectady, N. Y.): The paper by Bals¬ 
baugh and Assaf describes a very fine re¬ 
search job on the oxidation of insulating oils. 
Their precision methods of test and the 
quantitative results obtained are above 
criticism. It is for this reason that I ap¬ 
proach a discussion of their paper with some 
hesitation, because I have a very definite 
quarrel with the practical conclusions they 
derive from these test results. I quote 
briefly from their paper: 

"Operating performance of oil-paper cables in 
service shows, in general, that the power factor of 
the insulation increases with time, even in certain 
cases to the extent of seriously impairing the invest¬ 
ment. Hitherto the changes have been unex¬ 
plainable." 
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The paper then goes on to show that the 
“unexplainable” changes have been due to 
limited oxidation which, under certain 
conditions, is different and more severe in 
its action than continuous, unlimited oxida¬ 
tion, This is correct, but the authors fail 
to explain why it is more severe in practical 
cases and, in fact, draw the opposite con¬ 
clusion in their statement: 

“Apparently th^ oxidation products or other com¬ 
pounds formed during limited oxidation are not of 
the type to be selectively absorbed by the paper." 

Just the opposite is true, as far as cable 
in service is concerned. The products 
formed during the early stages of limited 
oxidation are readily absorbed by the paper, 
consisting as they do largely of metal soaps 
in colloidal solution. Perhaps their method 
of setting up the test samples obscured this. 
At any rate, in an actual cable structure 
this absorption of conducting products 
accounts for pronounced increase in di¬ 
electric power factor of the cable as a 
whole, when and if it occurs. 

Now that this alarming statement has 
been made let us see just how it affects 
practical cable design and how well it is 
under control. There is no denying that a 
paper-insulated cable is a very efficient oxi¬ 
dation machine. The copper-oil and lead- 
oil ratios are high, and the cable is designed 
to operate at relatively high temperatures. 
It can be expected, then, that the “oxida¬ 
tion cycle” will eventually be carried out to 
its fullest extent, all oxygen in free and com¬ 
bined form being consumed in the ultimate 
end products of this complicated chemical 
action. 

The criterion of cable deterioration from 
this cause is a measure of dielectric power 
factor as a function of temperature. If this 
oxidation action does not materially increase 
the dielectric loss of the cable as a whole, it 
does no real harm. In this respect, here is 
an interesting and important observation. 
Service failures in modern high-voltage 
paper-insulated cable from this cause are 
rare and, without exception, are fully ac¬ 
counted for by abnormal conditions leading 
to abnormal amounts of oxygen and oxida¬ 
tion products in the cable system. 

Carefully controlled tests and operating 
experience have demonstrated time and 
again that the degree of cable deterioration 
is proportional to the amounts of oxygen and 
oxidation products allowed to intrude. Ob¬ 
viously then, the remedy is to exclude ab¬ 
normal amounts of such corrosive impuri¬ 
ties from the cable system. This funda¬ 
mental principle has been recognized and 
followed in cable design foi so many years 
it is hard to remember just when it was 
first established. That, after a period of 
gradual improvement, it is today under full 
control by all responsible cable manu¬ 
facturers, there can be no doubt. It is 
•only through accident or mistake that 
service trouble from this cause occurs, and 
this is rare and isolated. 

I, accordingly, must take exception to the 
authors 1 conclusion that limited oxidation 
has been unexplainable in the past and is a 
significant and vital factor in high-voltage 
cable design. This implies that it is not 
understood and not under control, which is 
not correct. 

I believe there is a reasonable explanation 
for their conclusion. Under controlled 
laboratory conditions they introduced differ¬ 


ent amounts of oxygen into sealed test 
samples and measured the degree of deteri¬ 
oration caused thereby. They found that 
limited amounts of oxygen caused more pro¬ 
nounced deterioration than unlimited a- 
mounts and assumed that the limited 
amounts represented normal cable practice. 
The minimum amounts of oxygen for which 
they show end results of aging tests were 50 
and 100 cubic centimeters per kilogram of 
oil. These amounts correspond to 5.5 and 
11.0 per cent of absorbed oxygen by volume 
at atmospheric pressure, the latter rep¬ 
resenting complete saturation of the oil at 
this pressure. 

The catch in the whole thing is that their 
minimum oxygen (5.5 per cent) is more than 
100 times the amount allowed in properly 
made cable and could only represent an 
abnormal condition of extreme degree. 
Modern paper-insulated cable has no more 
than 1.0 per cent absorbed gas in the oil 
at atmospheric pressure. Of this, only a 
very small part is residual oxygen, and after 
it is consumed in the oxidation cycle there 
is only a minor increase in power factor of 
the first and last few layers of paper tape 
in near proximity to the conductor and 
sheath. This has no bearing at all on 
troubles in service. To sum the matter up, 
if the old and well-established principle of 
reducing impurities to a minimum, initially, 
and keeping them out of the cable system 
thereafter is followed, the troubles described 
by the authors will be nonexistent. 

These remarks, I feel, are necessary for the 
purpose of keeping the practical problem 
involved in its right proportions. I hope 
that I am not detracting in any way from an 
exceptionally fine and useful quantitative 
research job. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): This research 
project has been planned to cover semi¬ 
fundamental problems relating to oxidation 
of insulating oils in transformers, cables, 
and so forth. The paper indicates a valuable 
addition to our background of knowledge on 
oxidation problems, both as to equipment in 
service and as to materials and equipment to 
be made in the years to come. 

In this research the deterioration of the 
insulating oil is carried on with no voltage 
stress on it. It has been found, however, 
in tests on oil-filled cable in Chicago that, 
if the sample happens to have conditions 
leading to deterioration when subjected to 
high temperatures, this deterioration pro¬ 
ceeds whether a high voltage or no voltage is 
impressed across the insulation. 

According to Figure 5 of the paper, the 
maximum amount of electrical deteriora¬ 
tion was produced by 100 cubic centimeters 
of oxygen per kilogram of oil. For a spe¬ 
cific gravity of 0.84, this ratio corresponds to 
about 8 V 2 per cent of oxygen by volume. 
The solubility of oxygen in oil at atmos¬ 
pheric pressure is about 17 per cent, and 
the solubility of air is about 10 per cent, 
giving a solubility in the oil of oxygen when 
in air of S 1 /^ per cent. Apparently, the 
tests in this project with 50 or 100 cubic 
centimeters of oxygen per kilogram of oil 
correspond so far as concentration of oxygen 
in oil is concerned to the condition in sealed 
transformers, some of which have air above 
the oil. 

Data derived from Figure 7 and Table I 
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of the paper (see Table I of this discussion) 
show that an oil previously subjected to 
limited oxidation absorbs more oxygen and 
develops higher power factors under con¬ 
tinuous oxidation than an oil subjected 
only to continuous oxidation. These data 
are of practical interest because they show 
that oil stored in contact with a limited 
amount of air and copper may under certain 
circumstances deteriorate faster than pre¬ 
viously unexposed oil. 

With regard to radial power-factor tests 
of cable insulation, the statement is made 
that the power factor of deteriorated insula¬ 
tion in a sealed cable may be higher than 
the power factor measured on the removed 
tapes because of instability of oxidation 
products upon exposure to air. As this 
problem was recognized, the power-factor 
measurements of tapes are made by the 
Commonwealth Edison Company with the 
tape to be measured remaining covered by 
the next outer tape until the instant of 
measurement. Then the exposure of the 
tape during transfer to the cell is a matter of 
a few seconds, and the measurement is 
completed in 20 to 60 seconds. During 
most of this time the tape is protected from 
the air by the electrode surfaces. In general, 
we have found excellent agreement between 
the power factors of the completed cable and 
the average of the radial power factors. 

Under the heading Effect of Metal Sur¬ 
face Areas in the paper, it is pointed out 
that the copper-oil ratio in the investigations 
was less than in cable. This difference is 
partly compensated by the fact that the 
accessibility of the oil to the copper is less in 
cables than in the tests. Also, the diffusion 
of copper compounds in a cable is much 
slower than with the forced circulation in the 
tests. These points are demonstrated by the 
usual U shape of the radial power-factor 
curves. 

It is of interest to note that the optimum 
aromaticity, corresponding to a specific 
dispersion of 110-120 according to the paper 
agrees closely with the figures of 115-117 
given in the recent paper by Clark and Raab 
in Industrial and Engineering Chemistry. 

Further researches will concentrate on 
learning the effects of higher temperatures. 
This work includes investigations up to 145 
degrees centigrade on various oils. 

F. M. Clark (General Electric Company, 
Pittsfield, Mass.): I have followed the work 
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of Professor Balsbaugh and his associates 
at Massachusetts Institute of Technology 
for several years, and I wish to congratulate 
them for the vigor with which they have in¬ 
vestigated the characteristics of mineral oil 
under various types of oxidation. They 
have developed ingenious test methods 
which in their hands and in the hands of 
others can be expected to yield valuable in¬ 
formation during the years to come. In this 
paper, however, the authors are reaching out 
in an effort to apply the results of their 
academic researches and have made refer¬ 
ence to the application of mineral oil in 
cables and transformers. To do this from 
the data available is difficult, and I fear 
that unless the manufacturer and user of 
electrical apparatus appreciates the diffi¬ 
culties the very excellent academic results 
obtained by the investigators are going to be 
subject to much misapplication and possible 
discredit. 

In the commercial application of mineral 
oils there are certain fundamental proper¬ 
ties on which the present commercial struc¬ 
ture has been built. In the cable field, one 
of the requirements is that the dielectric 
loss of the oil-treated dielectric must be 
controlled to the point that heat accumula¬ 
tion is avoided. In the transformer field, 
one of the requirements is that the oil must 
possess a satisfactory resistance to sludge 
formation in order to secure satisfactory 
heat dissipation. To this latter require¬ 
ment some may now imply another means 
of gauging a transformer oil, that is by 
studying the power-factor characteristics 
under oxidation. To this there can be no 
objection if greater power-factor stability 
can be obtained without sacrificing the 
basic requirement which demands freedom 
from sludge formation. 

In its broad aspects the present paper 
calls attention to the behavior of mineral 
oil under unlimited oxygen supply and under 
a limited oxygen supply. In this they 
support the conclusions of previous investi¬ 
gators and the practical manufacturer. 
While it is still undoubtedly true that 
many investigators still test oil in an open 
beaker, it is nevertheless generally recog¬ 
nized that such tests are not used by the 
manufacturer of electrical cables as a criter¬ 
ion of the satisfactory oil for cable use. The 
final criterion is the behavior of the treated 
insulation, generally the behavior of the 
cable itself. Oils which possess good or 
bad characteristics in an open beaker with 
free oxygen supply are not necessarily cor¬ 
respondingly good or bad in the treated 
insulation test, even when the test on the 
treated insulation is carried out under oil, 
the surface of which is exposed to air. The 
presence of the cellulose insulation and the 
effect of voltage application play a part 
which cannot be ignored. The authors 
ai>pe.ar to recognize this fact in their pres¬ 
entation of the limited oxidation test. 
Whether there is a valid relation between 
the results of the limited oxidation test on 
an oil and its behavior under voltage in a 
commercial cable or transformer still re¬ 
mains to be determined. Until this has 
been studied the importance of the interest¬ 
ing behavior cited cannot be evaluated. 

We in our laboratory have carried on an 
intensive study of insulating liquids under 
restricted oxygen supply but as yet have 
not found that a mineral oil or other liquid 
dielectric can be clearly evaluated in terms 


of its commercial suitability from its be¬ 
havior when tested alone. 

The difficulty of gauging the suitability 
of an oil for commercial use on the basis of a 
simple oil test is illustrated in the data pre¬ 
sented for the series of number 60 oils. 
These oils include samples most nearly 
identical to those oils in present successful 
commercial use. The other experimental 
oils studied are to be classed as technical 
white oils which, irrespective of their aca¬ 
demic behavior, in commercial use have 
been found unsuited for cable application. 
The series number 60 oils have been refined 
to produce different degrees of aromaticity. 
Figure 11 shows that irrespective of the 
aromaticity all the oils show similar be¬ 
havior on limited oxidation using 100 cubic 
centimeters of oxygen per kilogram. Figure 
12 on oil number 60-2 which most closely 
approaches the present American trans¬ 
former oil shows that the greatest power- 
factor instability is obtained in the entire 
absence of oxygen. Furthermore, the more 
highly refined, substantially water white oil 
number 60-3 described in Figure 13 shows 
increased limited oxidation stability as a 
result of the greater degiee of refining. 
Commercial experience would be more in 
agreement with the continuous oxidation 
test results of Figures 12 and 13 which 
indicate greater instability for the more 
highly refined oil. 

With regard to many of the specific con¬ 
clusions drawn, our work is in agreement. 
We cannot agree entirely, however, that 
under limited oxidation as it results in com¬ 
mercial cable use, the products of the oxi¬ 
dation are not absorbed by the paper. 
While it is true that many of the products 
of oil oxidation may not be absorbed by the 
paper, it is general experience that many of 
the most destructive products are absorbed. 
Among these are the copper compounds 
mentioned by the authors. 

There are a number of features presented 
by the authors which will demand careful 
study before an investigation of this type 
can be translated into practical terms. 
One of these is represented in the data of 
Figure 22 which describes the behavior of 
new and reconditioned transformer oil. 
The authors have stated that "mineral oils 
may change their limited oxidation char¬ 
acteristics with time in standing in a con¬ 
tainer." Yet in Figure 22 the general be¬ 
havior of the new and reconditioned oils is 
identical in type. Each reaches its maxi¬ 
mum power factor at the same time. Each 
falls to a minimum value at the same time. 
Each then rises in power factor at about the 
same rate. Yet it is my understanding that 
the oils represent widely different degrees 
of oxidation. The new oil was substantially 
unoxidized. The reconditioned oil had 
seen commercial service in transformers 
and had been merely paper-filtered before 
the test described by the authors. It was 
not truly a "reconditioned oil" in the ac¬ 
cepted sense, if by that term is meant an 
oil which has been chemically treated or 
fuller's-earth-treated in order to remove the 
products of previous oxidation. Just why 
the peak value in power factor should be ob¬ 
tained at the same time and the general 
behavior of two so widely different oils (on 
the basis of previous oxidation) be so similar 
is not understandable unless there be a fac¬ 
tor such as an electrode effect which has 
escaped evaluation. 


There is one other important feature 
which must be borne in mind in any at¬ 
tempt to apply the academic data pre¬ 
sented. The authors relate the results of 
their limited oxidation studies to the con¬ 
ditions which exist in sealed transformers 
and cables. In general, the authors prefer 
to use about 100 cubic centimeters of oxygen 
per kilogram of oil. This corresponds to 
about 10 per cent oxygen by volume of the 
oil, or in terms of air, with which the practi¬ 
cal engineer is concerned, to about 50 per 
cent air per volume of the oil. It is obvious 
that in a properly prepared cable or sealed 
transformer this quantity of air is far greater 
than can possibly be present. Even the 
50 cubic centimeters of oxygen per kilogram 
of oil does not constitute a "restricted sup¬ 
ply" of oxygen in the practical viewpoint. 
To get an oxygen supply corresponding to 
the maximum present in good commercial 
cable practice the total oxygen must be 
more severely restricted. When tested 
under conditions approaching commercial 
practice the data presented appear to indi¬ 
cate that the present commercial grades of 
transformer and cable oils possess an equal 
if not higher degree of electrical stability 
than that possessed by the various experi¬ 
mental oils described. 

It is my understanding that the power 
factor measurements were made at a stress 
of but two or three volts per mil. If this 
be true, I suggest that it would be of interest 
and value to check the results at higher 
stresses covering the range from 25 to 100 
volts per mil. 

I hope that Professor Balsbaugh will be 
able to continue his interesting researches 
on mineral oil. Information of this type 
is of value in the continued improvement of 
oil-treated insulations, although at present 
its translation into terms of commercial 
practice is difficult and frequently mis¬ 
leading. 

J. C. Balsbaugh: Both Mr. Clark and Mr. 
Shanklin question the statement that oxida¬ 
tion products formed during limited oxida¬ 
tions are not selectively absorbed by the 
paper. I think the difficulty is in the use of 
the term "selectively absorbed" and in what 
is meant by "absorption”. In many cases, 
the term "absorption" is used to represent 
capillary absorption. However, in the 
present instance "selective absorption" oc¬ 
curs by the hydroxyl groups in the paper or 
the cellulose. Thus, a pure mineral oil 
itself is absorbed by paper by capillary 
forces. However, in this case there is cer¬ 
tainly no selective absorption. Thus, when 
the term "selective absorption" is used in 
connection with the limited-oxidation work, 
it is meant that the hydroxyl groups of the 
paper do not selectively absorb the type of 
oxidation products that are formed under 
limited oxidation. These results from 
limited-oxidation studies are substantiated 
by quite a number of test results which have 
been given in both this paper and previous 
papers. 

There seems to be some criticism on the 
use of 100 cubic centimeters of oxygen per 
kilogram of oil in a limited-oxidation test. 
This represents, roughly, a volume of oxy¬ 
gen equal to approximately ten per cent of 
the oil volume. In general, limited-oxida¬ 
tion tests are made from zero available 
oxygen—that is, with the oil in contact 
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W f^nnn G pa P er a nd copper—up to values 
or 1,000 cubic centimeter or more of oxygen 
per kilogram of oil. The purpose of this 
wide variation in oxygen availability is to 
determine the degree of influence of small 
amounts of. available oxygen on the electri- 
cal properties. In many cases, contact of 
the oil with copper even in the absence of 
any oxygen is sufficient to give what would 
certainly be termed very significant losses. 
Other things being equal, it would certainly 
be desired to have an oil that is stable over a 
reasonably wide range of limited-oxidation 
conditions. Since such tests must, of 
necessity, be of an accelerated nature, it is 
perhaps desirable to use a somewhat larger 
value than, would normally be expected. 
Corresponding procedures are used in other 
tests, for example, accelerated sludge tests 
m which the temperatures are used in the 
range well above operating temperatures. 

. rt * s t0 be regretted that definite informa¬ 
tion is not available as to the amount of 
oxygen which is available to the oil in an 
oil-paper cable. By this I do not mean the 
amount of air that may get into the oil dur¬ 
ing manufacture or installation. However, 
there is no denying the fact that there are 
residual oxidation products present in a 
commercially refined oil, residual oxygen 
in the paper even after vacuum treatment, 
and impurities in the paper that can pos¬ 
sibly account for certain of the available 
oxygen. This is not in any sense a criti¬ 
cism of present manufacturing methods in 
the fabrication of oil-paper cable or the 
component parts such as the oil and paper. 
Rather than to attempt to improve any of 
these procedures, which certainly would be 
very difficult, it would seem to be more prom¬ 
ising to study what components in an oil 
are responsible for high losses under limited 
oxidation conditions, then either to elimi¬ 
nate them or to prevent their effect 
through the use of additives. 

It is true certainly that mineral oil 
should not be commercially applied on the 
basis of its stability to either limited or con¬ 
tinuous oxidation. The electrical stability 
is only one factor among many which must 
be considered in determining the best oil 
from all viewpoints. The paper itself makes 
no attempt to evaluate any other proper¬ 
ties than the stability under limited oxida¬ 
tion. The purpose of the work is, of 
course,. to determine what factors are 
responsible for electrical losses under such 
oxidation conditions, so that proper steps 
can be taken to correct them. There is 
no reason why this cannot be done, and still 
maintain the other required characteristics. 

Mr. .Halperin’s discussion makes a num¬ 
ber of important contributions to the paper. 


Harmonics and Load Balance 
of Multiphase Rectifiers 


years I have come in contact with a number 
of rectifier situations, including both actual 
and proposed installations, in which co¬ 
ordination with telephone systems was given 
consideration. In a majority of these situa¬ 
tions it developed that the factor of most 
significance was the rectifier’s contribution 
to the voltage TIF at the power supply 
point. This is the case where a steam plant 
or large substation feeds a nearby rectifier 
load and a number of other loads which are 
spread out. Whatever wave-shape distor¬ 
tion the rectifier produces at the power sta¬ 
tion bus. spreads over the transmission or 
distribution lin es connecting the various loads 
to the station. Paralleling these power lines 
are circuits associated with the telephone 
p ant in the territory and under some con- 
ditions there may be appreciable induction 
because of harmonic voltages. Thus the effect 
of a given rectifier layout on voltage 77 F is 
useful information, and a simple method of 
estimating it would be very helpful. 

Methods of calculating harmonic voltages 
produced by rectifiers and hence the voltage 
TIF are already available in the literature 
o the subject, and they may be applied to 
the various multiphase arrangements. How¬ 
ever, the calculations are somewhat in¬ 
volved, require specialized information, and 
are seldom attempted by others than those 
who are familiar with the details. In look¬ 
ing for a short-cut method Figure 3 of the 
paper was found. Relative TIF is taktn 
from the curve for the given number of 
rectifier phases and substituted in a formula 
to obtain actual TIF. But the formula in¬ 
volves some unfamiliar factors pertaining 
to rectifier circuits which would have to be 
made readily available to be of any value to 
the average user. Possibly this information 
could be supplied in the form of brief tabu- 
lations, supplemented by examples. 

The paper calls attention to a “Proposed 
New TIF Weighting Curve." It-seems in¬ 
advisable to call this the “1941 Curve" be¬ 
cause it is as yet only a proposal. The 1935 
curve went through similar stages during the 
several years preceding its adoption. Refer¬ 
ence to the new curve emphasizes the fact 
that rectifier situations should be included 
in the study of the new proposal. 


H. Winograd (Allis-Chalmers Manufactur¬ 
ing Company, Milwaukee, Wis.): I should 
like to supplement Mr. Evans’ paper in 
regard to the effect of the harmonic com¬ 
ponents of the a-c voltage on the output 
d-c voltage of a rectifier. 

. 1938, when the first rectifier'installa¬ 

tion was made in an aluminum reduction 
plant, the unbalance among the various 
six-phase units operating in parallel on the 
d-c bus was observed. This installation com¬ 
prised ten 5,500-kw six-phase units, pro¬ 
vided with phase shifters to form a 60-phase 
system. 1 Tests and an analysis showed that 
this. unbalance was caused by the har- 
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C. W. Frick (General Electric Compa 
Schenectady, N. Y.): During the past 1 


momc components in the a-c voltage, par¬ 
ticularly the fifth and seventh, and their 
phase position in relation to the fundamental 
in the secondary phase voltage of the 
rectifier transformer. The phase position 
of the harmonics differed for the various 
six-phase units on account of their phase 
displacement from each other in the 60- 
phase system. 

The maximum deviation from the average 
load current observed on any unit was about 


7 per cent, which corresponds to a deviation 
of about 0.4 per cent in the d-c voltage. In 
regular operation, the load is balanced by 
means of grid control, and the unbalance is 
evidenced only by the difference in the 
amount of grid control for the various units. 

The general expression for the effect of 
any harmonic components on the d-c 
voltage at no load (disregarding the angle 
of overlap) is: 



m which n is the order of the harmonic, p is 
the number of phases in a commutating 
group, E dn is the d-c voltage caused by the 
harmonic, E d i is the d-c voltage caused by 
the fundamental, (3 is the angle of displace¬ 
ment between the harmonic and funda¬ 
mental components and A n , Ai their re¬ 
spective amplitudes (see Figure 1 of this 
discussion). For the double three-phase 
connection with interphase transformer 
(£ = 3), which is most generally used, and 
foi nontriple odd harmonics, this ex¬ 
pression is reduced to E dn /E dl = ±l/nX 
cos nfrAJA^ 

The effect of the harmonics on the d-c 
voltage of a unit does not remain constant 
under all operating conditions. It would be 
affected by a change in the system connections 
which might change the magnitude or phase 
position of the harmonic components. The 
magnitude of the load would have influence, 
as the conducting period of each phase is 
prolonged , by the commutating angle. 

Regulation of the d-c voltage by phase 
control of the firing of the anodes would 
alter the effect of the harmonics on the d-c 
voltage, because of the phase shift of the 
conducting period in relation to the funda¬ 
mental and harmonic components. The 
practical effect of this is that it is not possible 
to use wide-range group control of the d-c 
voltage by phase control of a number of 
parallel units which are displaced in phase 
from each other. If such group control is 
used, it is necessary to balance up the load 
among the units at intervals, while operat¬ 
ing the group control. 

The preceding expression may be modi¬ 
fied to take into account phase control, by 
substituting. E dl cosine 6 for E dl and (p-Q) 
foi /3, in which 8 is the angle of retardation 
of the firing. 

The effect of the harmonic components on 
the d-c voltage may also have a bearing on 
the choice of rectifier connections. For 
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Figure 2. 1941 
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weighting 



example, if two rectifiers are connected to 
a 12-phase transformer, it is desirable to 
connect each rectifier to a six-phase winding 
of the transformer, so that the load on each 
rectifier may be observed and adjusted. 

In the majority of rectifier applications, 
the effect of the harmonic components in the 
a-c voltage is of little consequence. How¬ 
ever, there may be special cases, such as a 
parallel resonance condition in the a-c 
supply for a frequency close to the fifth or 
seventh harmonic, where it may become an 
important factor. 
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J. H. Cox (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): In the application of any kind of 
apparatus it is always comforting to know 
the limitations. Mr. Evans 5 paper is a 
comfortable contribution to our knowledge 
of power rectifier, application. In the past 
the question of the harmonics generated by 
rectifiers caused some concern from the 
point of view of influence on both communi¬ 
cation circuits and generator heating. Now, 
through the combination of analytical work, 
such as here reported by Mr. Evans, and 
field experience, the factors are much better 
known, the concern has largely vanished, 
and applications are made freely as desired. 

Notwithstanding the large number of 
rectifiers that have been installed, the cases 
of even original communication difficulty 
have been negligible and the few cases that 
have been encountered have been corrected 
by relatively simple means where corrective 
measures in the power system were indi¬ 
cated. For the case of small stations, a few 
have required filters and for the case of 
large stations the corrective has been the 
use of a suitable number of phases. Experi¬ 
ence has shown that modern generators can 
be loaded exclusively with rectifier load 
without important sacrifice. 

Mr. Evans has discussed for the first time 
the relationship of rectifier harmonics to 
load division between rectifier groups and to 
connected capacitors. Here again a great 
amount of experience shows that the situa¬ 
tions where the influence is enough to cause 
difficulty are rare, and where difficulty is en¬ 
countered simple correctives are known. 
Some method of phase control can always be 
used to achieve load balance where needed, 
and Mr. Evans has mentioned the simple 
method of throwing a capacitor bank off 
resonance, should resonance be encountered. 
Incidentally, if a capacitor bank should 
resonate to a particular harmonic on a sys¬ 
tem it may be objectionable for other reasons 
than the presence of a rectifier, 

H. E. Kent (Edison Electric Institute, New 
York, N. Y.): Mr. Evans 5 excellent paper 
deals with a timely subject from the stand¬ 
point of inductive co-ordination of power 
and telephone circuits. The war effort has 
resulted in a number of large capacity recti¬ 
fier installations which, had it not been for 
the multiphase method of operation, would 
undoubtedly have given rise to widespread 
co-ordination problems. As mentioned in 
the paper, the Joint Committee on Research 
and Development of the Edison Electric 


Institute and Bell Telephone System has 
studied extensively the inductive co-ordina¬ 
tion aspects of rectifiers. The subcom¬ 
mittee's latest report on this subject appears 
in a volume of engineering reports published 
recently. This volume constitutes the fifth 
in a series, which taken as a whole provide 
quantitative information for the use of the 
power and telephone industries in the engi¬ 
neering, construction, and operation of 
their plants to secure adequate co-ordination. 

In his paper, Mr. Evans refers to various 
TIF weightings which have resulted from 
the work of the joint subcommittee. I 
should like to comment on these weightings 
and on their present status. The three 
'weightings labeled, according to date, as 
1918, 1935, and 1941, are shown in Figure 2 
of this discussion. As previous papers be¬ 
fore the Institute have described, the major 
factors involved in TIF weighting are the 
relative interfering effects of different single 
frequencies in the telephone plant and the 
coupling between the power and telephone 
circuits. It has been the changes which 
have been made since 1918 in the character¬ 
istics of the telephone message circuit and 
equipment toward a more uniform fre¬ 
quency response over a wider band of fre¬ 
quencies, which gave rise first to the 1935, 
and now the tentative 1941, revisions in the 
TIF weighting curve. It is believed that the 
shape of the tentative 1941 curve takes into 
account probable future developments so 
that further changes will not be necessary 
for an extended time. While the relative 
weighting of the various frequencies for the 
tentative 1941 curve has been determined, 
the absolute value of the ordinates has not 
been fixed yet. The ordinates of the tenta¬ 
tive 1941 curve shown in Figure 2 were 
selected on a judgment basis to provide a 
means for securing data comparative with 
the 1935 curve. There has been devised a 
relatively simple modification of fhe West¬ 
ern Electric Type 2 noise meters which 
makes possible TIF measurements in ap¬ 
proximate accord with the tentative 1941 
weighting as well as by the usual 1935 
weighting. This modification is of such 
nature that it can be made by the owner of 
the set without the necessity for returning 
the instrument to the manufacturer. It is 
planned to collect a considerable amount of 
these comparative data in connection with 
day to day field problems, which will be 
used in arriving at a decision as to what the 
new ordinate values should be. 


In a footnote of his paper Mr. Evans 
states that the 1919 frequency weighting 
curve of telephone interference factor ( TIF) 
remains in use for machine wave-shape 
guarantees. An explanation of the reasons 
for the use of the 1918 instead of the 1935 
weighting for this purpose may be helpful. 
The question of wave-shape guarantees for 
machines of 1,000 kilovolt-amperes and 
larger was studied by representatives of 
the manufacturers and electrical utility 
industry in 1932. Out of this study came 
certain recommendations which were pre¬ 
sented in a National Electric Light Associa¬ 
tion committee report entitled n Generator 
Wave Shape, 55 published in August of that 
year. These were based on the 1918 TIF 
weighting curve, which was in use at that 
time. Following the adoption of the re¬ 
vision in TIF weighting in 1935, the new 
weighting was not immediately applied to 
the matter of machine guarantees, as a trial 
period for further accumulation of compara¬ 
tive data on the two bases seemed desirable. 
Later on it became apparent that additional 
developments in the telephone plant and 
equipment would require a further revision 
in TIF weighting. It was decided therefore 
not to make any change until this further 
revision was complete and to continue to 
use the 1918 TIF weighting in the mean¬ 
time. 

To summarize, the 1918 TIF (Telephone 
Interference Factor) at present is used only 
in connection with the specification of ma¬ 
chine wave shape. The 1935 TIF (Tele¬ 
phone Influence Factor) is still used in all 
field studies of noise frequency inductive 
co-ordination problems. However, in con¬ 
nection with such field studies an attempt 
will be made to secure comparative data 
with the 1941 tentative weighting, looking 
toward the adoption of a new curve to sup¬ 
plant completely both the 1918 and 1935 
versions. 
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Schenectady, N. Y.): This paper presents a 
thorough qualitative analysis exploring the 
various possibilities concerning harmonics 
as related to large rectifier installations. We 
feel many of the questions raised cannot 
be fully answered until additional quantita¬ 
tive studies, coupled with tests and ex¬ 
perience, have been made. This discussion 
will point out those effects which our ex¬ 
perience substantiates, as well as those is¬ 
sues which we feel need further analysis. 

The effect on the performance of recti¬ 
fiers operating on a system with a high 
harmonic content is a tendency toward 
unbalance between rectifier elements. Any 
unbalance can be corrected by means of the 
phase control of the rectifiers, and this 
control is usually supplied with large multi¬ 
phase rectifier equipments. 

A rectifier connected to an infinite a-c 
bus normally draws all the nontriple odd 
harmonics. However, it is not essential 
that all of these harmonics flow. For ex¬ 
ample, if a harmonic trap having high fifth 
harmonic impedance is connected in series 
with each of the a^c lines feeding the rectifier 
substantially no fifth harmonic current will 
flow to the rectifier. Inasmuch as the recti¬ 
fier commutation period is not fixed but can 
adjust itself to load and circuit conditions, 
it is questionable whether the presence of a 
shunt capacitor of such value as to operate 
with the line reactance as a fifth harmonic 
trap, will cause an increase in fifth harmonic 
current in the line. This phase of the 
problem should be given more study than 
that indicated in the paper before it can be 
definitely stated that it is analogous to the 
transformer magnetizing current problem. 

Under the section “Heating of Capaci¬ 
tors,” Mr. Evans has clearly presented the 
capabilities of the capacitor to withstand 
armonic loading, but we feel unnecessarily 
strong emphasis has been placed on the 
rectifier-capacitor question, namely, "Con¬ 
sequently, special attention should be paid 
to the harmonic problem for installations 
involving multiphase rectifiers and capaci¬ 
tors. 1 And "Where large capacitors are 
connected in parallel with large multiphase 
rectifiers supplied by transmission systems 
It is particularly desirable to give careful 
consideration to the harmonic problem. 
The effects for the lower frequencies should 
be studied analytically, and by field tests 
which should give, if possible, the magnitude 
ot the fifth-harmonic voltage in the supply 
“ harmonic-frequency impedances. 
With this information available the capaci¬ 
tor application should be studied to deter¬ 
mine what characteristics at harmonic 
frequency should be employed. It appears 
possible but unlikely that in a few installa¬ 
tions the subdividing of the capacitor into : 
sections tuned for various frequencies will 
be found desirable.” 

It is felt that statements of this nature ' 
generally leave the wrong impression. It 

rnsf S ]l °* ne t0 keheve that in a proposed f 
installation, extreme care should be taken c 
in applying capacitors and in choosing the i 
number of rectifier phases. r 

Our experience does not seem to bear out c 
the contention that detailed analytical t 
studies and field tests need be made in ad- t 
vance to insure successful operation. f 

An installation of 57,000 kw of General a 

Electnc rectifiers and 20,000 kva of Cornell- s 

Dubiher capacitors in the northwest is c 
reported by J. R. Curtin in the January 9 a 


Electrical World 1 , from which the following 
excerpts are taken: 

"The loads at Longview consist of 31,000 kw to a 
48-phase rectifier, 26,000 kw to a 24-phase rectifier 
and 3,000 kw to a local public utility district. 
Ordinarily, the problem of supplying leading re¬ 
active kilovolt-amperes in conjunction with a load 
of such magnitude would require either a syn¬ 
chronous condenser or static capacitors with enough 
oil circuit breakers to approximate continuity of 
control. Fortunately, however, the rectifier load 
at Longfellow is practically constant at all times, 
and two static capacitor banks with one oil circuit 
breaker for each bank have been found to be satis¬ 
factory. No operating troubles have been experi¬ 
enced to date. 

"The danger of difficulties with harmonics in this 
region was well realized, and so, as soon as the ca¬ 
pacitors were almost all installed (June, 1942), joint 
tests were made by the Bonneville Power Adminis¬ 
tration and Pacific Telephone and Telegraph Com¬ 
pany to determine the effect of the capacitors on 
harmonics originating in the rectifiers. 

Results of extensive testing with various amounts 
of capacitance and with both balanced and un¬ 
balanced rectifier operation showed that a near 
resonant condition, as anticipated, did exist for the 
eleventh harmonic with 3,330 kva of capacitors on 
the 48-phase rectifier bus, but this condition dis¬ 
appeared with increased capacitance. The tests 
also showed that the telephone interference factor 
was reduced to about one-tenth its former value 
when the capacitors were connected, other condi¬ 
tions remaining fixed.” 


The operation of rectifiers is considered 
good when an operating record of one arc- 
back per rectifier per month is obtained, 
and the rectifiers reported in this article 
during 1942 averaged less than 0.75 arc- 
backs per rectifier per month, which is 
better than good. 

Another installation with which we have 
had experience comprises 118,000 kw of 
rectifiers and 22,500 kva of capacitors, all 
General Electric. It has been established 
here that factors other than the shunt capa- 
citors are responsible for such operating 
difficulties as have been encountered. 

Similar to the northwest installation, an 
extensive test program was conducted in this 
region by the Bell Telephone Laboratories 
and interested companies, in which we be¬ 
lieve Mr. Evans participated, and somewhat 
similar reductions of TIF were obtained 
with the capacitors in service, under various 
operating conditions, indicating the accept¬ 
ability of the performance in this respect. 

. are acquainted with one other installa¬ 
tion in the south comprising Westinghouse 
rectifiers and General Electric and Cornell- 
Dubilier capacitors, of which we have little 
information on .operating experience. Pos- 
Sibly Mr. Evans has had experience with this 
installation or otherwise which he could de¬ 
scribe bearing out his conclusions, and thus 
aid us m ventilating the matter 
Further on we find, "If the'capacitor is 
supplied through a transformer (or auto¬ 
transformer) and connected to the bus which 
supplies rectifier transformers, the effect is 
equivalent to putting a reactor in series 
with the capacitor and thus to tune it for 
some (not necessarily integral) harmonic 
frequency of the supply system.” It is one 
of nature’s laws that any combination of 
inductance and capacitance has a resonant 
frequency, so the qualitative picture is un- 
c anged whether the capacitor is supplied 
through a transformer or not. If a capacitor 
£* 1S applied through an autotrans¬ 
former, the autotransformer wifi have such 
a low reactance in comparison to the supplv 
system it seems useless to consider the 
combination alone in any quantitative 
analysis. And, if the capacitor is supplied 


through a two-winding transformer, the 
transformer no doubt will be much larger 
in rating than the capacitor, presenting the 
same relative case as with the autolrans- 
former. The transformer would be larger, 
for otherwise the transformer would have 
been put in only to accommodate the capaci¬ 
tor which, in general, would be uneco¬ 
nomical and unnecessary, for high-voltage 
capacitor equipment can be made by series- 
parallel connection of lower voltage units 
at very little additional cost. If, on the 
other hand, the transformer were equal in 
rating to the capacitor, it would—or could—- 
be made to have about four or five per cent 
reactance which would make the combina¬ 
tion tuned to present a low impedance to 
the fifth harmonic and thus obviate the 
necessity of utilizing a separate reactor as 
discussed by Mr. Evans. So on this point 
we also ask if we can have the benefit of 
Mr. Evans’ experience. We have had quite 
a bit of experience and have in eiTect passed 
the worrying stage on the points presented 
in this discussion, so we cannot appreciate 
Mr. Evans’ points of view. 
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R. D. Evans: C. W. Frick has rightly called 
attention to the application of voltage TIP 
in co-ordination studies and to the useful¬ 
ness of the short-cut method presented in 
connection with Figure 3 of the paper. 
The application of Figure 3 involves the 
use of supply-circuit reactance and data 
that can readily be supplied by the rectifier 
manufacturer. However, it is possible to 
simplify the formulas for the primary-circuit 
values of the I- T product and the voltage 
T7F as follows: 


Actual I'T product = — (relative current 77 F 

from Figures 1 or 5) 

n watts d-c\ 

= 0.78-)X 

\ PCR J* 

relative current TIP 
from Figures 1 or 5 
primary voltage, 
line-to-line 

.... (approximately) and 

actual voltage TIF=l 34^ — Cent y 
\ PCR J* 

(relative voltage TIF 
from Figure 3) 

.... (approximately) 

The two approximate equations are given in 
terms of primary voltage, d-c watts, and 
phase control ratios (PCR). These two 
equations apply to the two cases with phase 
control, ratios equal to one and to 0.85 
respectively; they assume a total transfer 
reactance corresponding to an angle of 
overlap of 25 degrees as a plain rectifier. 
The value of the supply reactance given as 
Wo AJ is based on primary voltage and 
given d-c watts. In connection with the 
caption of Figure 3, it should have been 
pointed out that I ac for this case is based on 
d-c watts and primary voltage and differs 
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from the values used in Figure 1 and else¬ 
where in the paper. 

H. O. Winograd has presented analytical 
expressions for the effect of a harmonic on 
the average d-c voltage of the two six-phase 
groups of a 12-phase rectifier. In order to 
use these expressions to determine the 
amount of load unbalance, it is necessary to 
consider the regulation of each phase 
group. When this is done, the formula will 
reduce to that shown in equation 1 of the 
paper. Mr. Winograd has also emphasized 
the importance of load balance in minimizing 
harmonics in multiphase rectifiers. 

H. E. Kent has presented a valuable dis¬ 
cussion which clarifies the relation between 
the 1919, the 1935, and the 1941 frequency¬ 
weighting curves and the circumstances 
that control their applications. I might 
add that the 1919 frequency-weighting or 
TIF curve is not used for rectifier co-ordina¬ 
tion problems. Consequently, the 1935 
curve is the one in common use. Since the 
shape of the 1941 frequency-weighting 
curve has been established, it was possible 
to include as part of the present paper the 
results of studies, such as given in Figure 2 . 
There is no reason why such studies should 
not be made at this time as they will indi¬ 
cate the trend of future developments in 
regard to the effect of the number of rectifier 
phases on the telephone-noise problem. 
The captions of Figures 1 and 3 give 
formulas for obtaining, respectively, the 
actual current TIF and the actual voltage 
TIF from the curves which are based on 
the 1935 frequency-weighting curve. Similar 
curves, based on Figures 2 and 4, are not 
given because the actual value of the 
1941 TIF curve has not been determined. 
While Mr. Frick is technically correct in 
questioning the terminology of the 1941 TIF 
curve, it is, nevertheless, convenient to refer 
to the 1919, 1935, and 1941 frequency¬ 
weighting and TIF curves. 

R. M. Hawekotte and Mr. Kent have 
commented on the extensive co-ordination 
studies carried on by the Joint Subcom¬ 
mittee on Development and Research of the 
Edison Electric Institute and the Bell 
Telephone System. This work includes not 
only Engineering Report number 49, 
"Multi-Phase Rectifiers/’ published in 
Volume 5 of Engineering Reports , but also 
the forthcoming report on multiphase recti¬ 
fiers and large capacitors in electrochemical 
installations. As Mr. Hawekotte and Mr. 
Kent have pointed out, the recent large 
installations of rectifiers in the electrochemi¬ 
cal industry would have given rise to im¬ 
portant co-ordination problems, except for 
the extensive use of multiphase connections. 

The possibility of resonance at the lower 
harmonic frequencies with large shunt ca¬ 
pacitors, particularly with a rectifier unit 
out of service, is a problem that was con¬ 
sidered at some length in the paper. Men¬ 
tion has already been made of the fact that 
the Joint Development and Research Sub¬ 
committee is preparing a report on this prob¬ 
lem. The views expressed by Cox, Hawe¬ 
kotte, Kent, and Winograd are in close 
agreement with those of the author and 
developed in the paper. 

The discussion by Butler, Morton, and 
Herskind indicates that they are in agree¬ 
ment with the technical presentation made 
by the author, but that they are critical of a 
minor part of the author’s paper concerning 
the desirability of special studies of har¬ 


monic problems where large shunt capacitors 
and rectifiers are to be operated, particularly 
under conditions with one or more rectifier 
units out of service. Certain statements 
from the author's presentation are selected 
as magnifying the need for such studies 
and tests. Careful reading of the entire 
section from which the selections were taken 
will show that the criticism is not justified. 
Briefly the author described the phenomena 
encountered, pointed out the possibility of 
certain resonance effects, and mentioned the 
remedial measure that consists of subdivid¬ 
ing the capacitor into sections that are tuned 
for particular frequency. This part of the 
paper concluded with the observation that 
the use of such a remedial measure appeared 
"possible but unlikely.” 

As an alternative to ignoring the problem, 
it would seem preferable 

1. To recognize the possibility of certain unusual 
resonance effects. 

2. To show for the particular case by means of 
tests and analytical work that the effects need not 
require furthei consideration 

Wave-shape tests showing magnitude of 
lower harmonic voltages are frequently 
available and in any event are easily made. 
The possibility of resonant conditions being 
encountered for the lower harmonics is sup¬ 
ported by the third paragraph from the 
excerpt of J. R. Curtin’s article. Relatively 
simple calculations will frequently show for 
particular cases that resonance effect 
should not be important. In general, these 
procedures are desirable for capacitor instal¬ 
lations whether made separately or in com¬ 
bination with rectifiers. 

We do not understand the basis for much 
of the discussion by Butler, Morton, and 
Herskind, since the use of capacitors would 
be but little affected by the addition of 
measures to avoid resonance. There is an 
implication in their remarks that discussion 
of unusual operating features of rectifier 
and capacitor installations is an undesirable 
or dangerous thing. We see no reason for 
not presenting a straightforward technical 
discussion of the unusual operating features 
of such installations. We do not believe 
that technical information, such as given in 
the paper, will be misused by operating 
engineers. As to charge of causing unneces¬ 
sary worry, it is our experience that recogniz¬ 
ing a problem and making a logical analysis 
of it is the surest way of' dissipating any 
worry that may be connected with it. 


Pulling Loads on Single- and 
Multiple-Conductor 
Impregnated-Paper Lead- 
Encased Cable, Solid Type 


Discussion and author's closure of paper 43-30 
by A. P. S. Beilis, presented at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943, and published in 
AIEE TRANSACTIONS, 1943, March sec¬ 
tion, pages 1 38-48. 


William A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): A 


surprising thing brought out by Mr. Beilis 
is that damaging pulling stresses are so low 
that a considerable proportion of cables now 
installed must have been in this damaged 
condition when ^pulled in and ready to be 
spliced. Yet they have continued to oper¬ 
ate in spite of the presence of air which un¬ 
doubtedly entered the voids created by the 
lead stretching during installation. 

Some 12 years ago Electrical Testing 
Laboratories made a study of the distribu¬ 
tion of failures in service, in the year 1930, 
with respect to distance from the nearest 
joint. On the assumption of uniform dis¬ 
tribution, the number of failures per foot 
of cable lengths in which failures occurred 
would have been 0.6 per cent. However, 
the actual distribution was from nearly 
nine per cent of the total failures per foot 
in the first foot to Vio of that number be¬ 
tween 10 and 15 feet and to V 30 beyond 15 
feet. 

This might be seized upon to prove that 
end damage by pulling with cable grips has 
a decidedly bad influence upon cable life. 
However ETL also made a similar study of 
the distribution of cable failures on high- 
voltage time test samples which, of course, 
had never been subjected to strains due to 
pulling grips. The distribution of failures 
was of exactly the same character and, 
taken over the same period, even more pro¬ 
nounced in the piling of failures near the 
cable ends. 

The weakness of cable ends is, undoubt¬ 
edly, due to voids, but we see from these 
ETL tests that the voids are not necessarily 
created by pulling grips. 

We, therefore, must conclude that neither 
lead stretch nor void formations at cable 
ends are reliable criteria of serious cable 
injury, and that, while cable grips are likely 
to cause lead stretch and voids, their use 
can be justified for almost any size or type 
of cable, if ducts are of adequate size, and 
pulling lengths are not excessive. 

Mr. Beilis’ data are conclusive as far as 
they go, but, before they can be used safely 
to establish rules for pulling stresses, they 
should be co-ordinated with such practical 
data as may be obtainable from the records 
of operating engineers. 

Herman Halperin (Commonwealth Edison 
Company, Chicago, III.): This paper is 
based on an impressively large number of 
laboratory tests, and the results constitute 
a valuable addition to the knowledge on this 
subject. Although large quantities of lead- 
sheathed cable have been pulled into under¬ 
ground ducts over a period of some 50 
years, no limits for the pulling forces have 
been established. It has been common 
practice to assume that, if the sheath was 
not pulled apart at the leading end or pulled 
out to such an extent that the insulation 
was disarranged and if the sheath was not 
badly scored, then the cable was not injured 
seriously in pulling. 

Apparently this method of judging the 
pulling has had no serious consequences. 
No cable failure in Chicago has been as¬ 
cribed to damage due to pulling other than 
damages caused by stones in the ducts or 
uneven ducts, and there are very few 
failures for which other causes are not 
found. Even in the rare cases where 
the leading end of the cable is damaged 
in pulling, it has been possible to cut off a 
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few feet at the end and to operate the re¬ 
mainder of the cable. 

Recommended limits for the pulling 
forces are obviously desirable for design 
purposes on which to base such features as 
the maximum length of cable that can be 
pulled, size of ducts, minimum radius of 
curves, number of curves in a run; and to 
determine the extent to which it is neces¬ 
sary to clean the duct and lubricate the sur¬ 
face of the cable. It should be recognized 
at the outset that there will be cases where 
exceptions must be made to any limits that 
may be evolved when there might be some 
risk of injuring the cable. Such risks 
might have to be assumed in order to per¬ 
mit the job to go ahead. 

The conclusions in the paper are based 
on tensile tests of eight-foot samples of 
cable with a wire mesh grip at each end. 
The behavior of long lengths of cable in 
pulling would be somewhat different from 
that of the short samples. Also the results 
are not entirely applicable to pulling with 
pulling eyes attached to the cable ends. 
This is common practice for heavy cables 
and long lengths. 

About ten years ago some tests were made 
by H. F. Moore, professor at the University 
of Illinois, on lead sheaths that had been 
subjected to very heavy pulling forces 
(10,000 pounds or more) and also on samples 
of sheath from the same cable at the trailing 
end where the pulling forces were very low. 
No appreciable difference was found in 
long-time creep tests and in long-time tests 
to fracture under steady loads. It was 
concluded that the properties of the lead 
were not changed appreciably. 

One of the author’s conclusions is that 
damage to the cable caused by excessive 
pulling forces can be detected by changes 
in the outside diameter of the cable. A 
more certain method is to remove some of 
the sheath and examine the cable insulation. 
This is done in building the joint or terminal. 

Three of the conclusions suggest that dis¬ 
tension of the cable at the end from pulling 
causes a concentration of heating and 
failures at the manhole ends. Probably it 
does increase the voids in the insulation of 
solid-type cable which increases the ioniza¬ 
tion in high-voltage cable. However, where 
hot spots have been found in manhole ends, 
they have usually been due mainly to in¬ 
filtration of oil or viscous compounds from 
joints. There has been no concentration 
m manholes of service failures because of 
deficiencies of the insulation itself. 


Howard S. Phelps (Philadelphia Electric 
Company, Philadelphia, Pa.): Mr Beilis 
has investigated, in a practical manner, a 
problem of major importance to those engi¬ 
neers responsible for the installation, opera¬ 
tion, and maintenance of underground cable 
systems. 

The problem which he considered differs 
materially from the investigations of “The 

r F m P eif L ?. d and Lead AU °y s Used for 
Cable Sheathing” reported by H. F. Moore 

and^M. J. Alleman in Bulletin 243 of the 
Engineering Experiment Station of the 
University of Illinois, as well as other re¬ 
ports on this general subject from the Engi¬ 
neering Experiment Station by Professor 
Moore, and the investigation of “Internal 

*Ztw 1Q >? mStblS Tests of Lead Cable 
Sheathing, earned on by Phelps, Gates, 
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and Kahn of the Philadelphia Electric Com¬ 
pany. The latter was reported at the An¬ 
nual Convention of the American Society 
for Testing Materials in June 1940. 

The present investigation was for the 
purpose, at least in part, of determining the 
strength characteristics of lead cable sheath¬ 
ing under stresses closely approaching the 
ultimate for relatively short-time intervals, 
of the order of minutes. The other two 
investigations were primarily for the purpose 
of determining mechanical characteristics of 
lead sheathing under lower stresses applied 
for time intervals extending into years. 
Without recognizing these fundamental 
differences between the respective investi¬ 
gations one might readily become confused 
in reviewing the different reports and 
possibly conclude the results were con¬ 
flicting. 

Referring now to the paper by Mr. Beilis, 
particular attention should be given to the 
conditions under which he observed the 
occurrence of substantial cold flow of com¬ 
mercially pure lead cable sheathing at 
stresses of approximately 1,500 pounds per 
square inch. This occurred under short-time 
loading. Since Mr. Beilis was investigating 
the characteristics of lead cable sheathing 
during installation, the time intervals dur¬ 
ing which the test loads were applied were of 
the same order, as those during which cable 
is being pulled in, a few minutes in each case. 

However, it should be pointed out that, 
under conditions which differ substantially 
from the foregoing, the stresses at which cold 
flow may occur in commercially pure lead 
cable sheathing may be entirely different. 
The “Internal Hydraulic Bursting Tests of 
Lead Cable Sheathing,” referred to pre¬ 
viously, indicated that substantial cold 
flow can be expected at stresses considerably 
lower than 1,500 pounds per square inch, 
when applied for only a few hours or days. 
However, those conditions are outside of 
the scope of the present investigation. 

The binding or gripping of the core by 
the sheath, that was observed by Mr. Beilis, 
apparently increases the ultimate tensile 
strength of the lead from the point of view 
of cable pulling strains. Accordingly, it 
would seem preferable to use the values re¬ 
ported by him for determining safe pulling 
strains for installing cable, and the ultimate 
tensile strength values reported by Pro¬ 
fessor Moore aqd other similar investiga¬ 
tions for determining if stresses resulting 
from internal pressures developing in oil- 
filled cable, cable risers, or cables of con¬ 
siderable length installed on heavy gradi¬ 
ents can be safely withstood. 

Direct comparison of the ultimate tensile 
strengths, reported by Mr. Beilis and Pro¬ 
fessor Moore, is difficult without more defi¬ 
nite knowledge concerning the tempera¬ 
tures at which the determinations were 
made. In order to emphasize this point, 
reference is again made to the investigation 
of internal bursting strength by the Phila¬ 
delphia Electric Company. There it was 
disclosed that under similar loading condi¬ 
tions the internal bursting strength of cable 
sheathing, as measured by the time for 
failure of the specimen to occur, at 150 
degrees Fahrenheit might be as little as 
three per cent of the strength at 50 degrees 
Fahrenheit. In some cases, the decrease 
m strength was even greater. 

This paper and the discussion of it may 


raise some questions concerning the de¬ 
sirability of using alloy sheathing, particu¬ 
larly some of the calcium alloys. In 
general, the tests carried on by Philadelphia 
Electric Company indicate that while alloy 
sheathing has greater short-time strength 
than commercially pure lead sheathing, the 
apparent advantage in favor of the alloys 
disappears rapidly as stresses are reduced, 
and the period during which the loading is 
applied is extended. This characteristic 
appears to be particularly true in the case 
of calcium alloys. Apparently, the me¬ 
chanical strength characteristics of the 
various types or grades of lead cable sheath¬ 
ing do not differ materially at the stresses 
occurring in practical operation. 


C. J. Snyder and L. F. Roehmann (Ana¬ 
conda Wire and Cable Company, Has Lings- 
on-Hudson, N. Y.): One of the con¬ 
clusions reached by this investigation is that 
the pulling force on a cable when using 
woven wire grips can be such that the stress 
in the lead sheath reaches 1,500 pounds per 
square inch. This conclusion is extremely 
interesting because it shows that the lead 
sheath is reinforced by the cable core. An 
empty lead sheath of average commercial 
lead has been found in our laboratory to 
stretch rapidly at a stress above 1,000 
pounds per square inch and to fail in ap¬ 
proximately 100 minutes under a sustained 
load of 1,500 pounds per square inch. The 
calculated tensile strengths of the lead listed 
in Tables I, II, and III, of the paper, can 
be considered therefore only as the ap¬ 
parent tensile strength of the lead under 
the conditions of the test. 

The same conclusion is reached if one 
contrasts the average tensile strength of 
the lead proper, given as about 1,800 
pounds per square inch in Appendix II, 
with the (apparent) strength of about 3,000 
pounds . per square inch as derived from 
the pulling tests of cables. 

This shows that it is not the sheath 
which takes the entire load, but part of the 
load is taken by the core also: the total 
pulling force is equal to a sheath force plus 
core force. 

If this result is accepted, the next prob¬ 
lem is to correlate the core force with con¬ 
ductor size and insulation wall thickness. 

It seems reasonable to assume that the 
larger the conductor cross section for a 
given insulation thickness, the larger the 
core force, and that the larger the insula¬ 
tion thickness, for a given conductor size, the 
smaller the core force (because of slippage 
of the oil-impregnated paper). 

If these ideas will be substantiated, per¬ 
haps Joy some appropriate additional tests, 
then it will be possible to reanalyze the test 
data presented in this report, not on the 
basis of lead sheath cross section alone but 
considering conductor size and insulation 
thickness also. In this way it might be 
possible to arrive, for each cable design, at a 
maximum pulling force, to be used, as a 
guiding figure, for the installation. 

We wonder if the author, or anybody else 
working in this field, has already analyzed 
the data from this viewpoint. 


A. P. S. Beilis: The presentation of the cable 
installation problem in a clear and concise 
manner as given by Mr. Halperin makes ap- 
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parent the contrast of premises in the case 
of two cable pulling problems. 

In pulling with grips any damage as the 
result of overstressing the cable sheath can be 


cleared by cutting off a few feet, providing 
there is sufficient manhole slack allowance. 

In pulling by pulling-eye attachment any 
damage to the cable will be effective on 
the sheath only in the form of gouges or 
tears in the lead. There can be little or no 
disturbance to the mechanical uniformity 
of the insulation unless the stress on the 
conductors to which the pulling eye is at¬ 
tached is excessive. Under this condition 
the limiting load serves to protect the sheath 
not from excessive stress but damage from 
abrasion, gouging, forced inclusions, and 


high coefficients of friction. These factors 
can be minimized to a great extent by proper 
preparation of the conduit and adequate 
lubrication. 

The discussion, in addition to presenting 
the practical cable installation considera¬ 


tions in judging whether cable may have 
been damaged, accentuates the potential 
value of these reported laboratory tests. 
It was expected that the results of these 


tests would enable one to evaluate better 
the pulling load that a lead sheath cable 
could be subjected to without serious re¬ 
sulting damage. No rigid rules are pro¬ 
posed. The responsibility of experienced 
judgment in the cable pulling art will rest 
where it has always been, with the men 
handling the job. It is not expected that 
the recommended maximum apparent 
stresses or maximum recommended pulling 
length values be observed unless the con¬ 
ditions upon which they are predicated 
render them applicable. 


The substance of the report is factual. It 
casts no reflections on the art as it has been 
pursued. The observations and conclusions 
record matters believed to be important in 
minimizing cable damage that heretofore 
may not have been realized was being done 


and to eliminate as far as possible those ex¬ 
ceptional cases which make it necessary to 
cut back a few feet to eliminate damaged 
ends. It is important not only to eliminate 
the borderline cases where damage to the 
sheath is apparent but also to limit as far as 
possible appreciable weakening of the 
original quality of the insulation by mini¬ 
mizing the disturbance to its original me¬ 
chanical uniformity. 

Evidence of excessive stretching of the 
lead sheath best can be realized by gradu¬ 
ating the pulling end of the cable sheath with 
circumferential marks ten inches apart. 
A good idea of potential damage to the 
insulation may be had by observing the 
extent of the coning of the insulation off the 
end of the conductors. 

It is believed that observations of elonga¬ 
tion of sheath and an examination of the 
underlying insulation as to the change from 
its normal mechanical uniformity will be 
very informative and will permit some cor¬ 
relation of these laboratory results sheath 
with field experience. This information may 
ultimately enable one to set values of 
maximum elongation of the sheath in ten 
inches, beyond which damage to the insula¬ 
tion may be considered as having occurred 
and whether it is necessary to cut back the 
end to clear the damage done. If excess 
manhole slack is allowed foi the section 
length in border-line cases, there is no serious 
result except the economic loss of three or 
four feet of cable. This should be balanced 
against the cost of attaching pulling eyes 
in these few instances. 

From an examination of the serious effect 
On the mechanical uniformity of the in¬ 
sulation under the point of excessive sheath 
stretching there is evidence that rather 
large spaces are created between the con¬ 
volutions of tape and that the number of 
registrations may be increased. It may be 
this makes provision for the infiltration of 
an unusual amount of joint compound which 
is recognized as one of the main reasons 
for cable heating adjacent to the joints. 

Mr. Del Mar states that “before they 
(the data) can be used safely to establish 
rules for pulling stresses they should be co¬ 
ordinated with practical data obtainable 
only from the records of operating engb 
neers.” It is because of a dearth of factual 
data pertaining to pulling cable with woven 
wire grips upon which rules could be based 
that the need for these tests arose. It is 
hoped that all practical data now aVailable 
and additional information as it becomes 
available will be presented through the 
technical press. 

Work to obtain these data should not be 
too burdensome as only the pulling end of 
the cable presenting borderline cases should 
be considered. 

There is no implication in the report that 
the use of pulling grips is not justified. In 
borderline cases it is merely a matter of 
choice of taking a chance on damaging the 
cable insulation, making it advisable to cut 
off a few feet of cable to scrap or specifying 
the attachment of pulling eyes. 

In the interest of improved design and 
proper application and use of pulling grips 
the Kellems Company contributed greatly 
to the value of this work. They have ex¬ 
pressed a keen interest in the successful use 
of their product and would not want woven 
wire grips used at the expense of the cable 
they are designed to handle. 




Figure 2. Actual ultimate stress developed to failure 
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Figure 3. Elonga¬ 
tion inches per inch 
—five times actual 
measurements 


10 INCH GAUGE LENGTHS 
* SECTION IN WHICH BREAK OCCURED. SPECIMENS APPROXIMATELY S FT LONG. 


It is surprising to read Mr. Del Mar’s 
conclusion which incorporates the state¬ 
ment that "neither lead stretch nor void 
formations (at cable ends) are reliable 
criteria of serious cable injury." It would 
be interesting to know what criteria should 
be judged adequate. So much has been 
said and recorded regarding the effect of 
voids and lack of mechanical uniformity in 
cable insulation it is difficult to accept 
unquestionably this conclusion. 

In the future it may be necessary to 
differentiate between voids in cable insula¬ 
tion resulting during application of the 
taped insulation and as a result of handling 
of the cable in production or under normal 
installation conditions and those supervoids 
that are introduced by way of major dis¬ 
turbances to the mechanical uniformity that 
result from stretching the lead excessively 
when pulling the cable in conduit. 

There are one or two qualifying factors 
which should be given weight when con¬ 
sidering the comparison which Mr. Del 
Mar draws from data in the cited Electrical 
Testing Laboratories’ report. 

The report records examination of 696 
failures, 570 of which were attributed to 
eternal causes. The difference of 126 were 
• aspect to the nearest joint. 

It is n H t mm^s tated that the distance 
measured inve^dtWU lc. pulling end of 
the section. Of thesefaitm^87, or 69 

per cent, were classified by__ ^ 

inherent. . Involved within four feet from 
the joint is 18.4 per cent; within ten feet, 

30 per cent; and 25 feet, 50 per cent. 
These are formidable proportions of the 
total and a serious reflection upon initial 
cable quality, if inherent. Failures at¬ 
tributed to inherent faults in the cable would 
seem to bear no relation to failures associated 
with high-voltage tests on cable samples 
Such failures are attributed to end effects 
which are quite controllable in the prepara¬ 
tion of the samples for test. The parallel as 
drawn is of interest as are the percentage 
failures per total length of cable involved. 
However, it should be realized that the 
problem which we are considering in con¬ 
nection with the present report involves 
the relatively small portion of the total 
cable footage that is included at the pulling 
end of the section lengths. 

Mr. Phelp s ■ discussion does a great deal 
toward clearing the muddied waters one is 


likely to get into when translating lead 
sheath test characteristics into expected 
performance under service conditions. Ma¬ 
terial is presented which could not be in¬ 
cluded properly in the report. I am 
heartily in accord with the distinctions 
drawn and feel they add materially to a 
better understanding, scope, and inter¬ 
pretation of the results presented in this 
report. 

Snyder and Roehmann are correct in 
interpreting the tensile stress values for 
lead sheath as "apparent." Other im¬ 
portant factors in estimating the permis¬ 
sible pulling load are the grade of com¬ 
mercial lead or lead alloy that is to be used, 
the time of application of the load, and 
whether it is a steady pull or involves super¬ 
imposed dynamic surges as a result of in¬ 
herent elongation characteristics of the 
pulling rope, slippage of the pulling rope 
on the winch drum, or snubbing action on 
the cable at the entrance end. 

Results of tests involving dynamic load¬ 
ing and variable time of application of 
stress are shown graphically by Figures 
1 and 2 of this closure. It may be possible 
to develop data from which the proposed 
analysis of results could be made on the 
basis of variation in cable constructions, 
but if only borderline cases are considered of 
importance it would seem that the simplest 


practical procedure would be to specify the 
attachment of pulling eyes in these cases. 

A good idea of the variation in the ex¬ 
tent of the elongation throughout the entire 
length of two sets of specimens may be had 
from Figure 3. From similar data obtained 
in the field it may be possible, sometime in 
the future, to judge accurately when the 
sheath has been stretched excessively and 
the cable insulation damaged. 


Metering Power on the 
Low-Voltage Side 

Discussion and author's closure of paper 43-34 
by A. J. Petzinger and B. E. Lenehan, pre¬ 
sented at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 

April section, pages 159-63. 


G. B. Schleicher (Philadelphia Electric 
Gompany, Philadelphia, Pa.) i Xn present¬ 
ing this paper the authors have con¬ 
tributed a valuable outline of possible 
methods pertaining to a branch of electric 
metering on which the literature is rela¬ 
tively scattered, hence difficult to locate. 
Some of the methods would have greater 
use if their advantages and economies were 
more generally recognized. This review of 
the various methods in a single paper is 
therefore of value to the industry. 

Experience with compensating metering 
has made available some, interesting data 
that has a direct bearing on the conclusions 
that may be drawn from this paper. 

As engineers we are accustomed to think¬ 
ing of transformer losses as two per cent, or 
in larger sizes perhaps only one per cent. 
When these transformers operate under 
load only a part of the time, perhaps at 
light loads and low power factor, the losses 
become a much greater percentage of the 
load. Also, in selling primary service to a 
customer, the transformers are generally 
customer-owned, and, being a major in¬ 
vestment, they are bought often to take 
care of business expansion that may not 
materialize for many years. Table I of 


Table I. Ranse btlTWUyJvleasured Per Cent Losses in Kilowatt-Hours and at Time of 

Maximum Demand 


Customer Business Class 


Months 

of 
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Trans-.. 
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(15. 

122 . 

31. 

M- 


A.Abattoir. 

B .Machine shop. 

C .Silk mill.. 

D .Street railway. 24 . . 

E .Dairy. 19, . 

P .Steel mill. 18 . . 

G .Steel mill. 17 . , 

H .Steel mill. 17 . . 

I .Penitentiary..... 15.. 
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this discussion shows the actual range of 
percentages of monthly loss in terms of 
load in kilowatt-hours and in terms of 
kilowatts at the time of the monthly 30- 
minute maximum demand. In 13 installa¬ 
tions, monthly per cent losses in kilowatt- 
hours varied from 1.6 per cent to 32.9 per 
cent, at the time of maximum demand from 
0.8 per cent to 5.8 per cent. Large varia¬ 
tions are general not only between customers 
but for the same customer in different bill¬ 
ing periods. The table includes all com¬ 
pensating meter installations made during 
the first three years of its use; hence the 
results must be considered typical. 

If we take the example shown in the 
paper the lowest possible percentage of 
losses is about 1.9, the "highest probable" 
2.5 per cent, but this assumes unity-power- 
factor load. If we assume a power factor 
of 70 per cent, the highest probable loss 
becomes 3.6 per cent, without even con¬ 
sidering that the transformer bank will 
probably remain in service even though 
the monthly kilowatt-hours drop to 50,000 
or less, resulting of course in a still greater 
percentage of losses. 

It must be concluded that the losses are 
sufficiently important to be measured. 
1 hroughout the paper the conception of 
their magnitude as related' to load is defi¬ 
nitely low. The service test results show 
much higher percentages of losses in terms 
of load than those assumed. It follows 
that method 1, in view of the variations 
shown in Table 1, is impractical for general 
application. Losses cannot be predicted 
sufficiently closely, nor is it practical to 
change a customer’s rate every billing 
period. 

Method 6, the use of the meter adjust¬ 
ments for including the losses, is limited 
in application to locations where the load 
conditions are known definitely. If the 
meter rating and the load exceed the point 
of maximum efficiency of the load trans¬ 
formers, namely about half load in modern 
transformers, appreciable errors in regis¬ 
tration may result. A characteristic curve 
for this method of adjustment is shown in 
Figure 1 of this discussion. In this figure 
the meter rating is 75 per cent of the trans¬ 
former rating. The error is the difference 
between the curves of desired and actual 
registration. Both are shown for unity 
and 50 per cent lagging power factor. Note 
that the meters read high between the light¬ 
load and full-load test points. This could 
be improved by reducing the meter rating, 
but only at the expense of poorer per¬ 
formance at higher loads. Since customer’s 
load conditions cannot be predicted closely 
(Table 1), this method should be confined 
to installations where the load conditions 
and the meter rating are within the limita¬ 
tions of the method. 

Method 2, using compensating meters, 
has been in use for the last ten years. These 
meters, after calibration for an installation, 
give the loss kilowatt-hours and the loss 
demand directly without the need for volt¬ 
age and power-factor information through¬ 
out the billing period. Their application, 
testing, and use is a matter of routine on the 
Philadelphia Electric Company system. 
There has been no difficulty in obtaining 
transformer-loss data. The manufacturers 
make loss tests on each transformer of about 
100 kilovoltamperes and above, while for 
smaller sizes test data on representative 


specimens from production are on file. 
There is thus no need for "estimating" trans¬ 
former losses. The compensating meter in 
the form where the total loss is given by one 
meter is the most desirable not only for the 
simplification of billing but also to facilitate 
the measurement of the loss demand. Where 
vars and var hours of the loss are required 
for billing, a separate compensating meter 
can be calibrated to read these quantities 
directly. This is an alternative method 
to that pointed out in the paper in which 
the compensating meters are in the form of 
separate volt-square and ampere-square- 
hour meters with different multipliers for 
watts and vars. The latter method in¬ 
troduces complications in the measurement 
of the loss demand. 

The line-drop compensator method of 
including copper loss is sound in principle 
and, when combined with the use of either 
the light-load adjustment or the dummy¬ 
load method of including core loss, can be 
made practical for routine metering in¬ 
stallations on customer’s premises. While 
technically there is no advantage in one 
method over the other, there is an advan¬ 
tage in keeping the adjustments of a billing 
watt hour meter entirely standard. From 
this point of view the dummy-load method 
of compensation is preferred. Tests of both 
methods in comparison with the regular 
billing metering show close agreement and a 
degree of accuracy well within the perform¬ 
ance that can be maintained on primary 
meters. Tests on five customers over a 
period of 13 weeks showed a comparative 
registration of 100.08 per cent for the 
dummy-load method, and 100.15 per cent 
for the method using the light-load ad¬ 
justment for including core loss. Both 
methods, therefore, are well within the re¬ 
quirements of the public utility commission 
of any state and hence are entirely accept¬ 
able for billing purposes. 
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PERCENT METER RATING-KILOVOLT-AMPERES 


Figure 1. Performance of a 230-volt 800- 
ampere meter adjusted to include losses of a 
250-kva power transformer 


C 100—Desired registration 100 per cent 
power factor 

C 50—Desired registration, 50 per cent power 
factor 

M 100 — Meter registration, 100 per cent 
power factor 

M 50 — Meter registration, 50 percent power 
factor 


In the line-drop compensator method, it 
is practical to use two line-drop compensa¬ 
tors on three-phase three-wire circuits with 
either star- or delta-connected transformer 
banks when two-element meters are used. 
This is true because the degree of unbalance 
that exists on customer’s installations is 
insufficient to warrant the use of the third 
compensator shown in Figures 3 and 10 
This has been established in connection 
with compensating metering (reference 2 of 
the paper). The comparative tests dis¬ 
cussed in the preceding paragraph were 
made with two line-drop compensators on 
each installation. 

The advantages of metering on the low- 
voltage side, with an acceptable method of 
compensating for the transformer and con¬ 
ductor losses, are not confined merely to the 
first cost of the installation. These methods 
result also in a simplification of the high- 
voltage structure; and, in territory subject 
to lightning disturbances, failures of the 
vulnerable current and potential trans¬ 
formers on the high-voltage side of the 
power transformers are eliminated by con¬ 
necting the metering on the load side of the 
power transformers. Thus service inter¬ 
ruptions are reduced to a minimum, which 
is particularly important in supplying war 
loads. 


C. V. Morey (Consolidated Edison Com¬ 
pany of New York, Inc., New York, N. Y.): 
A review of available methods of metering 
high-voltage service on the low-voltage side 
of the power transformers is particularly 
valuable at this time. The subject has 
been well covered, including, as it does, 
methods of billing for power-transformer 
losses by estimate as well as by the installa¬ 
tion of special equipment. I could wish 
only that the authors had stressed even more 
strongly the case for estimating rather than 
metering transformer losses. 

In any discussion of methods of metering 
on the low-voltage side of a power trans¬ 
former, it is generally assumed that primary 
metering should be taken as the base from 
which to calculate possible errors. It must 
be kept in mind, however, that even under 
relatively good operating conditions the 
maximum probable error in standard pri¬ 
mary metering is at least =*=0.5 per cent so 
that the base of reference does not rep¬ 
resent absolute precision measurement. 
As is pointed out under method 6 in the 
paper, the measurement of core loss by 
primary metering during periods of no 
load on the power transformer is possibly 
less accurate than would be any one of 
several of the other methods described. 
In fact it can be stated that for such periods 
of no load, if their duration can be closely 
approximated, no method of metering 
primary or secondary, will be any more 
accurate than the estimate, for all practical 
purposes. 

With the limiting conditions of method 1, 
estimation of losses, as set up by the 
authors, it may be seen that the probable 
maximum error is less than the probable 
maximum error to be expected in primary 
metering. The authors have taken as a 
typical example a case where a bank of 
transformers is operating at about 35 per 
cent load factor. By taking the average 
between the two load conditions which 
would provide minimum and maximum 
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losses, they show that the maximum error over-all accuracy of operation could be ob- practical reason for high-voltage metering, 

in the estimation of the losses cannot be tained with primary metering. and for the substitute method of metering 

greater than 0.32 per cent even with no on the low side and measuring power- 

knowledge of loading conditions. They transformer losses by means of so-called 

arrived at these figures by assuming the Walter C. Wagner (lieutenant commander, transformer-loss meters. It probably also 

power transformer to have 1.5 per cent com- U. S. Navy, Washington, D. C.): The explains why reactive transformer-loss me- 

bined core and copper loss at rated voltage authors have prepared a very excellent sum- ters are used even on schedules where the 

and current. Any assumed increase in load mary of the generally known methods of unit value of kilovar demands is only a 

factor or decrease in percentage losses would using secondary metering for the measure- fraction of that applicable to kilowatt 

have lowered the maximum possible error. ment of primary energy. Their accuracy- demands. 


We recently have installed meters on the 
low side of power transformers on a rela¬ 
tively large installation. Although we 
are not estimating losses in this case, I 
have calculated it on the basis as shown in 
this paper to determine maximum error if 
the losses were estimated. The core loss 
in this case is about 0.22 per cent at rated 
voltage and load and the copper losses 
about 0.4S per cent at rated current, making 
the total losses about 0.7 per cent. Using 
the 35 per cent load factor assumed by the 
authors, the limiting losses would range 
from about 0.8 per cent to about 1.1 per 
cent of the registered energy and the 
maximum possible error would thus be only 
about =*=0.15 per cent. 

These figures apply, of course, only to 
unity-power-factor loads, as is the case with 
the authors' example. If an average power 
factor of say 80 per cent is assumed, the 
maximum possible error would increase to 
about =±=0.2 per cent. For power-factor 
variation within ±10 per cent of the as¬ 
sumed figure, the possible error would fur¬ 
ther increase to about 0.4 per cent. With 
even this latter figure, however, a very 
strong case is made for estimating rather 
than attempting to meter losses. 

There are many factors in the rate setting 
and in the.selection of the point at which the 
metering is to be done that outweigh the 
small additional errors that may be intro¬ 
duced by estimating rather than metering 
transformer losses. I therefore find it 
difficult to justify the use of special equip¬ 
ment of any kind for the purpose. This is 
particularly true in view of the fact that the 
per cent losses on large power transformers 
operating at normal load points are com¬ 
parable to and in some cases actually less 
than the error tolerances to be expected 
m primary metering. 

There is an additional combination of 
methods for including the effect of trans- 

“ osses ‘ n sec °ndary measurement 
which as not mentioned in the paper. It is 
3 c ° m ^ nat . ion method 4 with a part of 
method 6 in that a dummy load is used 
o correct for core loss, the copper loss being 
taken care of by altering the shape of the 
load curve of the watt-hour meter. 

It as rather difficult to alter the shape of 

nfK °*t d CUrVe ° f the meter t0 take ca re 
of both core and copper losses but fairly 

simple for copper loss only, since it is not 
necessary to disturb the normal curve of the 

. any - eXt£nt at light load - wkich is 
the meter s critical point of operation. 

U e have three such installations in service ■ 

un fn^ 81 ^ 111116 - A ^mula has been set , 

in/thl meter test ln such a way that, know- < 

“nd the Io7ri entage C ° re and C ° Pper losses > 1 
and the load points at which the meter is to 

-r b« ! 

way by simply addins a cal 7 

rotated COrTection to the revolutions of tt 

rotating standard test meter to include t 
transformer i° sses For the particular in- i, 
a ions involved no improvement in a 


iuctu estimates are rainy representative ror 
the conditions outlined, and their compari¬ 
son between primary metering and metering 
the primary energy on the low-voltage side 
is very conservatively presented. In the 
field applications of some of these methods, 
it has been found that even better perform¬ 
ances are assured under many service 
metering conditions. The authors have per¬ 
haps wisely avoided the very light load 
(under 10 per cent load) relative character¬ 
istics, and have not presented the relative 
characteristics of operation at power factors 
generally found in metering power custo¬ 
mers. Comparative test and service data 
curves must be given serious consideration 
if such metering is to meet the requirements 
for metering accuracy demanded by custo¬ 
mers or even for the measurements of energy 
distribution in a power company's system. 

The writer of this discussion has, over the 
years, developed a method which makes 
use of such principles as described by the 
authors, but, by a different method of in¬ 
fluencing the watt-hour-meter elements, 
has succeeded in the laboratory and in 
practice, in obtaining greatly improved 
accuracies over those indicated by the 
authors, for both 100 per cent power factor 
and 50 per cent power factor over a range 
of meter capacity from 5 per cent to 150 per 
cent, with a marked starting current im¬ 
provement. 

In these days of conservation of critical 
materials, the writer joins the authors in an 
endeavor to interest the electrical industry 
in this definite contribution to the war 
effort. 


E. J. Boland (General Electric Company, 
West Lynn, Mass.): The solution of most 
engineering problems is usually a well- 
balanced compromise after a careful evalua¬ 
tion, of all factors. In this case, there im¬ 
mediately comes to mind such matters as 
metering accuracy, first cost, installation 
expense, maintenance, relative simplicity of 
arrangement, possibility and magnitude of 
errors from erroneous connections, and so 
forth. Also, in order that contractual rela- 
tl °ns between two parties may be carried 
out to the mutual satisfaction of both it is 
necessary to evaluate the possible solutions 
from the psychological point of view. 

If we were to consider metering problems 
strictly on the basis of engineering con¬ 
siderations, it is difficult to come to any 
other conclusion than the practicability of 
estimating core and copper losses. The 
over-all accuracy of metering high-voltage 
energy on the low side and estimating the 
power-transformer losses would not appear 
to be out of line with the accuracy with 
which the cost of service can be determined. 
But it is improbable if methods involving 
estimations will be satisfactory to both par¬ 
ties concerned. The logic of percentages 
is not always impressive when a consider¬ 
able revenue is involved. That is one 


It should be pointed out also that trans¬ 
former-loss meters have practical advan¬ 
tages over the use of line-drop compen¬ 
sators and dummy loads. Metering con¬ 
nections are generally simpler. The meas¬ 
urement of the power load is by a standard 
(and separate) watt-hour meter, There¬ 
fore, should there be erroneous connections 
in the loss-measuring equipment they will 
have no effect on the registration of the 
much more important power load. And 
there is also some advantage in being able 
to explain in simple terms to the purchaser 
that the power meter registers all loads 
behind it and the loss meter measures the 
losses from Lhe service entrance to the 
power meter. 

Over the last ten years, or so, a consider¬ 
able number of these transformer-loss 
meters have been installed. This does not 
necessarily indicate a more general ac¬ 
ceptance of such meters than in the years 
before. There has always been an incentive 
to circumvent the cos ( t and installation ex¬ 
pense of high-voltage instrument trans¬ 
formers. If transformer-loss meters have 
been used more in the past few years, one 
reason may be that there have been propor¬ 
tionately more applications for them. When 
high-voltage instrument transformers are 
required for. relaying and protection and 
when there is a relatively small difference 
in voltage rating between the primary and 
the secondary of the power transformers, il 
is logical to employ high-voltage metering. 
Therefore, the use of loss-meters is generally 
limited to metering of high-voll age power 
consumers, which is another way of saying 
that there must be schedules in effect for 
such consumers before there will lie re¬ 
quirements for schemes and meters to 
measure losses. 

Transformer-loss meters, or equivalent 
methods, will not necessarily be used for all 
high-voltage power consumers. Disregard¬ 
ing entirely the limitations of the meters and 
methods and, as well, difficulties from tap 
changing (automatic load-radio control), 
rom power flow in and out, and so forth, 
there is the practical consideration of testing 
and servicing of such special meters. A 
arge utility can train personnel to take 
care of such meters and may be able to 
justify providing special test standards by 
means of which testing becomes relatively 
simple. Contrastingly, the utility with 
only one or two applications for transformer- 
loss meters must consider carefully the dis¬ 
advantages of test and maintenance of 
special meters against the advantage of 
reduced first cost. 

For the duration, another factor must be 
considered namely the use of critical 
materials. Low-voltage instrument trans¬ 
formers use less steel and copper than high- 
voltage transformers. These savings, how¬ 
ever, are offset in part by additional man¬ 
hours in production, installation, test and 
maintenance of transformer-loss meters, and 
man power is also a scarce item. 
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Finally, it should not be overlooked that 
with the recent advent of new small-sized 
and light-weight current and potential 
transformers the installation and main¬ 
tenance of high-voltage instrument trans¬ 
formers has become materially simplified. 

J. A. Morris, O. K. Coleman (American Gas 
and Electric Service Corporation, New York, 
N. Y.): The article by Petzinger and Lene- 
han is a valuable contribution to the knowl¬ 
edge of metering and seems especially 
valuable at this time when every effort is 
being made to conserve vital materials such 
as steel and copper, the major components of 
high-voltage metering equipment. 

The technical subject matter appears to 
be quite complete and will undoubtedly 
prove to be of value to those who are primar¬ 
ily interested in the subject of measurement 
of electrical quantities. Further study 
and discussion would probably be of value 
in further development of high-voltage 
metering on the low-voltage side, to the 
point where it would be as generally accept¬ 
able and understood as the more commonly 
used methods of primary metering 
The paper being considered requires 
little or no discussion of its merits from a 
technical standpoint but would permit per¬ 
haps a discussion of some of the practical 
aspects of the seven methods of including 
the transformer losses in a secondary 
measurement. 

Compensating Meters and Network 

The greatest application of the so-called 
"compensating metering” methods would 
probably be on customers* metering where 
the charges are based on the energy input 
to the high-voltage side of the transformer. 
On the other hand, "compensating meter¬ 
ing” would probably have a minimum of 
application on station metering, as the 
greater part of such metering is usually done 
on the low-voltage side and high-voltage 
instrument transformers, essential for other 
purposes, are available for metering, if 
necessary. 

The general acceptance of "compensating 
metering’* will probably depend to some 
extent on the development of more or less 
standard, flexible, compensating devices, 
having circuit constants that will cover 
certain ranges of transformer characteristics 
and thus avoid the need of "homemade” 
networks. 

The meters used for measuring losses are 
at the present time considered as special 
apparatus and require for their manufac¬ 
ture, material and man-hours that un¬ 
doubtedly can be used more advantageously 
elsewhere. Thus the development of a 
more or less standard line of equipment for 
the purpose of loss measurements seems to 
be a subject for the future. 

Compensating networks, in addition to 
being difficult to construct and adjust, tend 
to complicate a standardized system of 
meter connections and might, in some cases, 
through misapplication, introduce errors of 
measurement of greater magnitude than 
the small quantity to be measured. 

Calculating Transformer Losses 

Fortunately, other means, suggested by 
this paper, are available to accomplish 
the equivalent of direct measurement of 
transformer losses, namely calculation, and 


suitable adjustment of the watt-hour meter. 
While these methods are possibly not as 
accurate as the direct-measurement method 
under conditions of variable voltage, fre¬ 
quency, and transformer loading, they have 
certain advantages worthy of consideration, 
but, as pointed out in the paper, each case 
should be studied to determine the best 
method for the existing conditions. 

Probably the major advantages of these 
two schemes lie in the fact that no additional 
equipment is necessary to accomplish the 
desired measurement, thus eliminating 
complicated connections and the use of 
vital materials. 

The one objection to the use of calcula¬ 
tions that may be worthy of consideration 
is the possible customer reaction to change 
after years of experience with only measured 
quantities in the purchase of power. There 
should, however, be no difficulty in over¬ 
coming possible objections if the method is 
sound and the matter is properly presented. 

A minor disadvantage of calculating the 
losses is the necessity of making computa¬ 
tions for every billing period. While 
these computations are not especially 
difficult, they might become cumbersome 
to handle if a large number of installations 
were billed by this method. 

Adjustment of Standard Meters for 
Losses 

Compensation for losses by adjustment of 
the watt-hour meter to include the regis¬ 
tration of the transformer losses appears 
to offer a fairly simple solution to the prob¬ 
lem, eliminating as it does the use of special 
equipment and calculations. On the other 
hand the scheme requires the keeping of 
records of calculation and calibration con¬ 
stants which must be referred to each time 
the meter is tested. The objection may 
also be raised by some that the meter must 
be adjusted to measure apparently at some 
accuracy other than one hundred per cent. 
It should be pointed out that in some cases 
meters are required to be adjusted similarly 
to compensate for instrument-transformer 
errors. However, the accuracy of modern 
instrument transformers are such that 
special meter adjustments are generally un¬ 
necessary. 

Reactive-Volt-Ampere Measurement 

The discussions presented in the fore¬ 
going may, to some extent, be applied to 
the measurement or calculation for deter¬ 
mining the primary reactive kilovolt¬ 
amperes from secondary metered quan¬ 
tities. As pointed out in the paper under 
discussion, the accuracy of measurement 
or calculation for varhours is probably not 
as great as similar measurements of watt- 
hours, but since this component usually re¬ 
flects in the final billing to only a minor 
extent slight errors in its measurement 
would probably have an inappreciable 
effect on the final result. 

It should be pointed out in connection 
with determining primary vars or varhours, 
that the standard varhour meter cannot 
be adjusted readily to include the trans¬ 
former loss similar to the method described 
for watt-hour meters. Therefore it will be 
necessary to do one of several things, neglect 
var losses, calculate, or measure by one of 
several methods. Probably the simplest 
method of measurement, where the watt 
loss is also to be measured by the simple 


method of adjusting the standard watt-hour 
meter, would be with a standard varhour 
meter, having an I 2 X element added, and a 
dummy load for excitation loss. 

Conclusion 

It seems quite evident, after a study of the 
methods and the advantages and disad¬ 
vantages of each, that as the authors 
pointed out, each application of means of 
compensating for transformer losses should 
be studied individually to determine the 
best method, and for the present no uni¬ 
versal method can be said to apply. 

While a rule of thumb cannot be made at 
this time, it would obviously be desirable, 
in view of the situation, to avoid in so far 
as possible not only the use of high-voltage 
metering equipment but the use of special 
compensating meters. 


L. D. Price (Public Service Electric and Gas 
Company, Newark, N. J.): This paper pre¬ 
sents an excellent analysis of the available 
methods for the determination of trans¬ 
former losses to compensate secondary 
metering in cases where it becomes expedient 
to utilize secondary instead of primary 
metering. However, both the introductory 
paragraph and the summary at the con¬ 
clusion of the paper convey the impression 
that such metering is desirable under all 
circumstances. Such is not the case, and 
I should like to present some general com¬ 
ments on the limitations of application of 
this method of metering. 

The first consideration in application re¬ 
quires an analysis of the power system and 
the relative sizes of customers’ loads nor¬ 
mally supplied at transmission or sub- 
transmission voltages. It may be stated 
that, in general, the economic advantage of 
secondary metering increases rapidly as 
the voltage of the transmission system is 
increased. If a rather large number of 
customers with relatively small loads are 
tapped from transmission lines and are 
supplied with one transformer or one bank 
of transformers where a single meter in¬ 
stallation on either primary or secondary 
side is applicable, an obvious first cost 
economic advantage obtains where low-volt¬ 
age metering is applied. However, with 
increased demands by customers served at 
these voltages and with a corresponding de¬ 
crease in the number of such customers, vari¬ 
ations in design of customers’ substations 
necessitate more complicated metering in¬ 
stallations that often result in a reversal of 
the initial economic advantage. For ex¬ 
ample, a customer may have several trans¬ 
former banks with different secondary volt¬ 
ages such as four kilovolts for plant distribu¬ 
tion and 480 volts for immediate use at, or 
near, the service location; or a customer may 
distribute’ transmission voltage supplying 
unit substations located in various factory 
buildings with one transformer bank located 
at the service; or, a customer may have 
several banks of transformers supplied 
from a bus at transmission vbltage. In 
these or similar cases, the unnecessary com¬ 
plication of totalization metering coupled 
with compensated metering should gener¬ 
ally be avoided. A very impqrLant con¬ 
sideration in the application of low-voltage 
metering in such cases involves the design 
of proper metering to take care of circulating 
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currents and reverse flow of power under 
load switching conditions that are not under 
the control of the supply company. If 
metering on the low-voltage side of the 
customer’s installation is insisted upon, 
much of the desirable flexibility of design 
of the customer’s substation may have to be 
sacrificed. 

The authors mention the difficulties en¬ 
countered in direct primary circuit metering. 
It seems to me that simplification is best 
accomplished by direct measurement of 
energy and demand as it is billed to the 
customer. In any event, instrument trans¬ 
formers will be required for metering 
whether on the primary or on the secondary 
side, and it seems obvious that an increase 
in potential transformer ratio and a corre¬ 
sponding decrease in ctfrrent transformer 
ratio to meter service at transmission volt¬ 
ages will not complicate the metering sys¬ 
tem. On the other hand, the addition of 
voltage squared elements, current squared 
elements, line drop compensators, -dummy 
loads, or the special calibration necessary 
for meter compensation applied to second¬ 
ary meters simplifies neither the metering 
system nor the problem of explaining the 
functions of such devices to customers. 

In addition to the consideration of in¬ 
vestment cost and problems concerning 
metering equipment and installation meth¬ 
ods, maintenance of secondary, com¬ 
pensated, metering equipment with the 
attendant special equipment and main¬ 
tenance methods must receive careful con¬ 
sideration. Increased maintenance costs 
and increased investment in special testing 
equipment should not be overshadowed by 
initial investment savings. Furthermore, 
the handling of these special accounts out 
of routine for the bookkeeping and billing 
departments is an important factor. 

In general, the application ol one or more 
of these methods of compensation of 
secondary metering applied to primary 
billing involves careful analysis of the supply 
and utilization systems. Some of the prob¬ 
lems involved in this analysis have been 
outlined in this discussion. It is not my 
intention to condemn this method of meter¬ 
ing but rather to point out that it is not a 
universally applicable "money-saver.” 


H. L. Prescott (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
The paper by A. J. Petzinger and B. E. 
Lenehan presents a valuable contribution 
to the art of metering primary power, as it 
permits using low-voltage instrument trans¬ 
formers to measure power in the high-voltage 
circuit. 

Many power transformers on which 
secondary metering might be desirable are 
supplied with tap changing under load 
equipment. This equipment is often for 
the purpose of maintaining constant second¬ 
ary voltage regardless of changes in the 
primary voltage, although it may maintain 
constant voltage at a point removed from 
the transformer. There are many types of 
equipment which may be used for this pur¬ 
pose, but three will serve to illustrate the 
conditions. 

I. The load tap changer may be connected in the 
high-voltage winding. This, in effect, changes the 
number of turns in the high-voltage winding so as 


to maintain constant induction in the iron. For this 
case, the core loss remains constant but the load 
loss varies not only with the square of the load but 
also with the changes in high-voltage resistance as 
the tap changer position changes. 

2. The load tap changer may be connected in the 
low-voltage winding. This, in effect, changes the 
number of turns in the low-voltage winding in in¬ 
verse ratio to the changes in induction caused by 
changes in the primary voltage applied to the trans¬ 
former. In this case, the transformer core loss 
varies with the applied voltage, but the tap changer 
action prevents these changes being registered on the 
secondary side. Also the resistance of the low- 
voltage winding changes with the tap changer 
position so that the load loss does not vary exactly 
as the square of the current, 

3. A series transformer may be used to add or sub¬ 
tract a voltage equal to the variation of the trans¬ 
former voltage from the desired constant value so 
as to maintain constant output voltage. Here, 
again, the tap changer action prevents the voltage 
changes from affecting secondary meters although 
it does affect the loss in the transformer. Also the 
tap changer position determines the core loss in the 
series transformer, and the effective resistance 
varies with the tap changer position. 

These cases do not follow the same easily 
approximated curves as a transformer with¬ 
out tap changing under load, and it there¬ 
fore appears that secondary metering can¬ 
not be accomplished quite so simply as the 
paper describes. However, the writer of 
this discussion has studied this problem 
in relation to this paper and has found that 
in many cases a reasonably accurate ap¬ 
proximation may be made by a slight 
variation of the methods described in the 
paper. 

The variations involve estimating not 
only the loading to be expected, as is 
described in the two paragraphs preceding 
method 1, but also estimating the length of 
time which the tap changer will operate 
on its different positions and the loads 
which will be carried when the tap changer 
is on these positions. Generally this esti¬ 
mate would be sufficiently close by con¬ 
sidering only the neutral position, the 
maximum buck position, and the maximum 
boost positions of the load tap changer. 
The calculations are then exactly the same 
as described in the paper. 

While the results obtained by the modi¬ 
fied method would in many cases be slightly 
less accurate than applying the methods as 
described to a transformer without load tap 
changer, it nevertheless permits an ex¬ 
tension of the methods to a larger propor¬ 
tion of transformer installations. Just as 
is concluded 'in the paper, the best of the 
seven methods for a particular installation 
must be determined by a study of the in¬ 
dividual circumstances. 


A. E. Knowlton {Electrical World , New 
York, N. Y.): A much needed summary is 
provided in this paper on means of augment¬ 
ing the load registration to such degree as 
to cover the losses which, by the contractual 
relations, are to be charged against the 
customer. Although the paper does not 
say so, there are instances where the custo¬ 
mer is to absorb the losses in all or part of 
the high-voltage line as well as the losses 
in the step-down transformer. The line 
copper losses fluctuate with the load current 
along the same pattern as the copper losses 
within the transformer. The line losses 
therefore can be lumped with those in the 
transformer copper, and all of the methods 


of the paper are applicable to the combined 
value. Since the line losses may be several 
times the transformer losses, the deviation 
percentages cited in the paper change to 
such a degree of uncertainty with a varying 
load as to weaken trust in the estimating 
procedure and place the faith in one of the 
instrumental methods detailed in the paper. 

Reverting to the province chosen by the 
authors (losses only in the transformer 
bank), comment can be made in particular 
about the psychological factors. Psychol¬ 
ogy is an element of the regulatory arena 
in which power metering falls. In making 
a decision on the form of loss metering (or 
estimating), an answer should be given to 
the question, "which procedure offers the 
most convincing setup and the least op¬ 
portunity for differences of opinion?” 
This question would seem to place the esti¬ 
mating method in disfavor and elevate the 
various metering methods of ascertaining 
the losses which should be added to the bill. 
But it should not be overlooked that several 
of the methods, once applied, obliterate 
the chance to register the true load con¬ 
sumption independently of the losses; if 
argument arises about the loss adjustment, 
there can be just as much argument about 
the customer’s actual consumption. In so 
far as there is merit in this consideration, 
the separate loss meter offers a less con¬ 
troversial potentiality than a line-drop 
compensator, dummy loads or a watt hour 
meter recalibrated to embrace the trans¬ 
former losses. No matter how much it 
may be trusted or mistrusted or misunder¬ 
stood, there is still the conventional and 
undisturbed watt hour meter totaling the 
delivered load consumption. Ninety to 
98 per cent of the financial transaction 
would thus be in the realm of lay acceptance 
and of lay understanding involving the 
addition of the registrations of load meter 
and loss meter. 

That, as I see it, is a likely reaction and 
attitude of regulatory authorities on the 
matter of metering and billing for delivery 
losses. 


B. E. Lenehan: The variations in opinion 
expressed in the discussion add weight to the 
belief that there is no "best” method for 
every installation. The additional data 
supplied should help further to determine 
what method should be used, including, as 
Mr. Price suggests, primary metering and 
ignoring the losses in addition to the 
methods in the paper. The estimating 
methods are particularly useful in studies 
of this kind. 

I believe Mr. Schleicher’s data were taken 
around 1933 and represent business condi¬ 
tions at that time. The errors, of course, 
vary with conditions. The results given 
in the paper and by Mr. Schleicher for 
meter curve adjustment are typical when 
curves are fitted at the conventional test 
points of 10 and 100 per cent. Better re¬ 
sults could be obtained by a different adjust¬ 
ment, but the effort required may not be 
worthwhile, since the remaining error is 
small and will be positive or negative at 
different loads, resulting in a very small 
over all registration error. Usually, it will 
be found desirable to correct for instrument 
transformer errors at the same time. 
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Factors Involved in the 
Selection of Railroad 
Motive Power 

Discussion and author’s closure of paper 43-49 
by H. C. Wilcox and A. G. Oehler, presented 
at the AIEE national technical meeting. New 
York, N. Y v January 25-29, 1943, and pub¬ 
lished in AIEE TRANSACTIONS, 1943, 
May section, pages 235-40. 


Norman Litchfield (Gibbs and Hill, Inc., 
New York, N. Y.): The authors have 
brought together some interesting data, 
among which are prices of the three types 
of locomotive considered, as follows: 


Diesel locomotives... .$87.50 per engine horsepower 
Steam locomotives- 35.00 per cylinder horse¬ 

power 

Electric locomotives. . 65.00 per continuous horse¬ 
power 


These prices are misleading because the 
bases of Diesel-engine horsepower, steam- 
engine-cylinder horsepower and electric 
continuous horsepower are not comparable. 
A more proper basis is drawbar horsepower, 
which works out roughly for main line pas¬ 
senger locomotives at 60 miles per hour to: 


Diesel locomotives-$113.00 per drawbar horse¬ 

power 

Steam locomotives... . 40.00 per drawbar horse¬ 

power 

Electric locomotives. . 69.00 per drawbar horse¬ 

power 


Furthermore, if the service is such as to 
require a maximum speed of 80 miles per 
hour or over with relatively frequent slow¬ 
downs, then a more proper comparison is 
on the basis of maximum drawbar horse¬ 
power available, and the prices become: 


Diesel locomotives. .. .$113.00 per maximum draw¬ 
bar horsepower available 

Steam locomotives- 40.00 per maximum draw¬ 

bar horsepower available 

Electric locomotives. . 57.00 per maximum draw¬ 

bar horsepower available 


This emphasizes the fact that no set of 
figures can be set up which are generally 
applicable, which the authors recognize 
in their suggestion that a study be made of 
a specific case. Such an investigation, 
however, to be of any real value, would be 
laborious and expensive and when done 
would only apply to one set of conditions. 

So far as electrification is concerned, it 
has long been recognized that the traffic 
must be very dense to produce operating 
savings sufficient to carry the fixed charges. 
Incidentally, the latter often cover improved 
types of signaling and communication and 
an increased over all speed. 

The Diesel locomotive provides some of 
the features of electrification and has the 
obvious attraction that it can be introduced 
a few units at a time without the large ini¬ 
tial capital expenditure required for elec¬ 
trification. But so far it has been used only 
in main line operation on certain runs which 


favor it and is supplemented by steam power 
for the balance of the service. The pub¬ 
lished costs of operation are based on the 
high mileage resulting from these special 
runs and do not represent costs that may 
be expected in an over all operation. 

The problem is one which does not permit 
a general solution but must be considered 
separately for each set of operating condi¬ 
tions. 


W. S. H. Hamilton (New York Central 
System, New York, N. Y.): The authors 
have done a good piece of work in bringing 
together in one place a discussion of the 
factors involved in this often difficult prob¬ 
lem and in pointing out methods of evalu¬ 
ating them. However, I wish to point 
out that when it comes to the actual deter¬ 
mination of this problem in any specific 
case, it is necessary to consider carefully 
all the conditions surrounding that particu¬ 
lar case, before a definite conclusion can 
be reached. While certain general factors 
hold more or less true in nearly all cases, 
local conditions in different cases are likely 
to change completely the conclusions to 
be reached even though superficially the 
cases may seem to be similar. We have 
made three major studies of the application 
of Diesel-electric switching locomotives 
on the New York Central System in recent 
years. Each case proved to be a study by 
itself, and the factors that Were determining 
in one location were not determining in the 
others. This feature should always be kept 
in mind in making these studies, and it 
should not be assumed that, since a result 
is secured in one location, the same result 
will be secured in another, even though off 
hand the cases might seem to be very 
similar. 

For this reason I doubt that the sugges¬ 
tion made by the authors toward the end of 
the paper that such studies be placed in the 
hands of a joint committee would lead to 
results sufficiently worth while to justify it. 
Such committees are usually not inclined 
to make the detailed studies necessary to 
evaluate properly all the local conditions. 
Rather I think this problem should be 
handled jointly by representatives of the 
operating and motive power departments 
of the railroad involved. Papers such as 
this are helpful in calling attention to the 
general factors involved, but it will be 
necessary for the railroad representatives 
to give proper consideration to the local 
problems of each case. 

There are a number of other points on 
which I wish to comment. 

I question the statement that the Diesel- 
electric locomotive was developed from the 
"rail car.” There were gasoline-electric 
locomotives long before the Diesel engine 
entered the field, and these were separate 
and distinct from what is ordinarily known 
as a "rail car.” While it is true that the 
first Diesel-electric locomotives did have 
box-type cabs, that does not make them 
"rail cars.” 

In connection with the possibilities of . 
operating one class of service with one type 
of motive power and another class with a 
different type, and so forth, this method 
of operation should be kept in mind and ex¬ 
plored in considering specific cases. It is 
closely allied with the determination as to 
whether a given type of motive power is to 


handle the base load or the total load, which 
makes a great deal of difference in the total 
investment required. We have found in 
Diesel switching locomotive studies, that 
in general, jobs working less than 18 eight- 
hour tricks a week can be handled more 
economically by steam-switching locomo¬ 
tives than by Diesel-electric, but in a few 
instances because of special circumstances, 
utilization of slightly less than this amount 
has been found economical. 

However, in considering any method of 
operation involving mixed motive power, 
it should be kept in mind that operating a 
number of different types of motive power 
at the same point requires maintenance 
facilities for each of the different types. 
This in turn eliminates the large saving 
that usually can be made by the complete 
elimination of facilities required for steam 
locomotives at any given location. The 
boiler washing facilities required for steam 
locomotives represent a considerable in¬ 
vestment and operating expense, but, un¬ 
less such facilities can be completely elimi¬ 
nated, the final result may be simply 
adding one type of facility on top of the 
other. 

In connection with Table I of the paper, it 
would be interesting to have a valuation of 
the relative merits of the various items of 
advantage and disadvantage. 

I do not feel that item 4c belongs in 
Table I at all, as all three types of motive 
power have definite merchandising appeal 
if properly handled. The interest of 
large groups of railroad 'Tans” in steam 
locomotives of all kinds is sufficient argu¬ 
ment to indicate that there is plenty of 
merchandising appeal in the steam loco¬ 
motive. 

Comment is made that the electric trans¬ 
mission permits the Diesel engine to oper¬ 
ate near its full load rating at all locomotive 
speeds. Not all types of electric transmis¬ 
sion and control permit a close adherence 
to the full load rating of the Diesel engine 
at all speeds, and this point should be kept 
in mind in comparing locomotives. This 
same comment applies to the reference to 
overload capacity near the end of the paper. 

It seems to me that it is not necessary 
or desirable to have three separate deprecia¬ 
tion rates and that two are sufficient, one 
to cover the engine and generator and the 
other the remainder of the locomotive. 
Enough experience has been accumulated 
to indicate that the electric transmission 
(excluding the generator) and the mechani¬ 
cal portion of the locomotive will have a 
probable life of about 30 years. The Diesel 
engine and generator may have as long a 
physical life as the transmission and me¬ 
chanical portion, but it may become economi¬ 
cal to replace the Diesel engine by a new 
one before the expiration of this time, not be¬ 
cause the engine is physically worn out, but 
because it is out of production and the re¬ 
pair parts become expensive. Also, the 
development of the Diesel engine has been 
so rapid up to now and probably will be for 
the next few years that a period of about 15 
years brings major changes in engine de¬ 
sign that can well be taken advantage of by 
the purchase of new engines instead of main¬ 
taining the old ones. Our experience with 
a number of Diesel engines that are now 
about 12 years old indicates this trend. It 
should be borne in mind in this connection 
that more parts have to be renewed in the 
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course of maintenance of Diesel engines 
than in the case of electric motors and gen¬ 
erators. The only reason for including the 
generator with the Diesel engine in the 
above statement is that if the engine is 
replaced the same generator probably could 
not be used. 

It is felt therefore that basing the de¬ 
preciation on a life of approximately 15 
years for the Diesel engine and generator 
and approximately 30 years for the balance 
of the equipment is reasonable. 

The possibility of obsolescence of the 
locomotive as a whole should be kept in 
mind in considering depreciation rates. 
Changes in operating conditions may make 
the locomotive of little value in a shorter 
time than those lives set forth above, and 
this point should at least be given considera¬ 
tion. 

In connection with the remarks under the 
head of "Flexibility,” while the idea of 
having small locomotives for small trains 
and large locomotives for larger trains is 
superficially attractive, as well as the possi¬ 
bility of operating locomotives in multiple 
unit to achieve the same result, at the same 
time practical operating experience usually 
has shown that it is more economical, 
particularly in road service, to have all the 
locomotives alike and capable of handling 
the maximum train. It is more economical 
in the long run to operate a large locomotive 
occasionally on a small train than to try 
to separate out locomotives to suit the trains 
encountered, or make them up in multiple- 
combinations to suit the same conditions. 

In connection with comparisons of the 
performance or characteristics of different 
types of motive power such as in Figure 1, 
there is a great tendency to compare loco¬ 
motives of somewhat different horsepower 
output.at a given speed and to attempt to 
discredit the characteristics of one because 
of differences found at this speed. In order 
to compare any road motive power fairly, 
they should develop the same drawbar 
horsepower at the speed that is to be given 
primary consideration. In other words if 
they have to haul trains at 70 miles per hour 
the drawbar horsepower at 70 miles per hour 
should be the same before making compari¬ 
sons.. It is often difficult to do this because 
existing locomotives as built do not always 
have the same rating at a given speed, but 
this point should be kept constantly in 
mind. 

As a matter of record in connection with 
the items of Appendix A r depreciation is 
classified, by the Interstate Commerce 
Commission as an operating cost and should 
really be included in connection with the 
items under 4. For convenience it is fre¬ 
quently included with the items of fixed 
charges, as is done in this paper 
In connection with "Locomotive Utili¬ 
zation, the distinction between avail¬ 
ability and utilization must be kept con¬ 
stantly . in mind. While Diesel-electric 
locomotives can have a very high avail¬ 
ability, it may not be possible always to 
utilize them as much of the time as they are 
available. This again requires a careful • 
study of each case and the error should never 
be made of dividing the total number of 
switching hours by the availability, and 
calling the result the number of locomotives 
required. Unfortunately for those of us in 
the locomotive-design field, the shipping re¬ 
quirements of industries often require 
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switching service at hours which do not 
permit the most economical utilization of 
locomotives. 

In connection with road locomotive 
studies this problem is complicated by the 
difficulty of finding trains that run at the 
proper hours to permit maximum utiliza¬ 
tion, and the problem of assigning locomo¬ 
tives to trains in such a manner that a 
reasonable adherence to schedule can be 
maintained even if one train is late, which 
does occur even on the best regulated rail¬ 
roads. 

In connection with the subject of loco¬ 
motive utilization, consideration should be 
given to the question of whether the exist¬ 
ing locomotives are being utilized to the 
best possible advantage before those of a 
new type are considered. It is frequently 
found that a substantial portion of the sav¬ 
ings claimed for a new type of motive power 
can be made by rearranging the existing 
operation without introducing a new type at 
all. 


Sidney Withington (New York, New Haven 
and Hartford Railroad Company, New 
Haven, Conn.): Table I of the paper indi¬ 
cates that fuel at less than $4.00 a ton is a 
"disadvantage” in electric motive power 
as compared with steam. The cost of 
electric power is dependent on the load 
factor of the supply, and, while it perhaps 
may be true that with a low load factor 
the cost of power would be high, it is also 
true that where the load factor is high the 
cost of power is often very definitely an 
advantage for electric locomotives, even con¬ 
sidering the recent advance in steam loco¬ 
motive thermal efficiency, especially in 
instances where water power may be eco¬ 
nomically available, as is the case in cer¬ 
tain parts of this country. It may be that 
in the future in figuring carefully costs of 
power production the power companies 
may find it possible to compute prices so 
that there would be no question of power 
economy in electrification. 

The figure quoted in referring to an aver¬ 
age cost of coal at $2.68 delivered to the 
railroads seems low. It would be of interest 
to know whence the figure was derived. The 
15 cents per ton for over all handling to 
the. locomotive tenders also seems low, es¬ 
pecially if fixed charges of the handling 
machinery are included. 

The reference to "complete failures” as 
being disadvantageous to electric equip¬ 
ment is a little unfair. It would be of 
interest to compare operating records of 
steam and electric power. This would in 
many instances show considerable advan¬ 
tage to electric operation. 

The fuel figures of 33 cents per freight 
locomotive mile for steam locomotives and 
28 cents for Diesel, is interesting, but it 
would be of more value if the trailing ton¬ 
nage were given, as the magnitude, of 
course, depends on the trailing tonnage, 
irrespective of the type of power. If 15 
per cent differential is added to the fuel cost 
of the Diesel for lubricants, the costs would 
be nearly identical. The figure for electric 
power then might be computed for compari¬ 
son. . It is suggested that in presenting com¬ 
parative data the authors endeavor to in¬ 
clude information on all three types of 
power under discussion. 

Mention is made of "dynamic augment.” 

Discussions 


It is true that a great deal has been done to 
improve steam locomotive design in this 
respect with new alloy steels, and so forth, 
but it should be pointed out that this prob¬ 
lem is still serious at the high speeds de¬ 
manded in modern transport and is still a 
definite "disadvantage” of importance in 
steam equipment. 

Regarding popular appeal, it must be 
acknowledged that with air conditioning 
of coaches and hermetically sealed windows, 
the average train rider has no idea whether 
the motive power is steam, electric, or 
Diesel, and in some respects the "mer¬ 
chandising appeal” is in favor of steam. 

Dynamic braking is most helpful and pro¬ 
duces a saving of power, but it is pointed 
out that both in this country and abroad 
the roads which use it are all situated in 
territory where water power is plentiful or 
fuel cheap, so the energy saved is relatively 
of little value. Many roads abroad use 
single-phase dynamic braking with the re¬ 
generated power absorbed in resistance. 

The rates of $35, $87.50, and $65 per 
horsepower for Diesel, steam, and electric 
locomotives well might have been corre¬ 
lated to compare horsepower at the drawbar. 
If such a figure were employed, the over¬ 
load horsepower capacity might be under 
some circumstances a logical figure to use. 
If this were to be done, the electric loco¬ 
motive figure would be (4,800/9,000) X 65, 
or $40. In any event, drawbar horsepower 
should be shown, not "engine” or "cylinder” 
horsepower. 

Under certain conditions the maximum 
short-period horsepower would be a legiti¬ 
mate figure to use for an electric locomotive 
in comparing with steam and Diesel data, 
where the continuous horsepower figure is 
virtually the maximum also, as is pointed 
out in the paper. This overload capacity 
of the electric is available at start or for 
acceleration after slow-down and for opera¬ 
tion on relatively short grades. This ad¬ 
vantage is, of course, of value only in special 
cases, but should be taken into considera¬ 
tion in any analysis. 

The item of obsolescence is the important 
factor in depreciation rather than wear and 
tear, and thus the locomotive should be 
considered as a unit and not combination of 
units. It is quite possible the gas turbine, 
or. some other form of power, may make the 
Diesel, as well as other types of locomotives, 
obsolete over night just as the steam turbine, 
forty years ago, suddenly drove the recipro¬ 
cating engine out of the picture. 

The physical availability of a locomotive 
may have nothing to do with the actual 
availability as pointed out in the paper, and 
any advantage in this respect may be com¬ 
pletely valueless. 

The flexibility or "packaging” by multiple 
operation of a number of small units is very 
pleasant in theory but may not work out in 
practice and may result in considerable 
dead-head or light mileage movements. 
Most railroad business is one-way business 
with cars moving empty in the other direc¬ 
tion. It is usually better to buy standard 
size locomotives and then schedule the 
operation if possible so the locomotives are 
efficiently loaded. As is indicated in the ' 
paper, the duplication of numerous acces¬ 
sories in multiple cabs, each capable of in¬ 
dependent operation is relatively expensive, 
both in first cost and in operation. Figure 1 
implies an advantage to Diesel equipment 
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Table I. Fuel and Power Consumption, Values, and Costs With Steam, Electric, and Diesel 

Motive Power 


From the Association of American Railways Bureau of Railway Economics, Year 1941 



Steam Locomotive 

Electric Locomotive 

Diesel-Electric Locomotive 

Switching Service 




Consumption. . . 

.766 lbs coal per hr. 

. 121 kwhr per hr. 

.5.8 gals fuel oil per hr 

Cost per hour 1 . . . 

.SI.149. 

.81.210. 

. SO.348 

Road Passenger Service 



Consumption. . . 
Cost per car- 

. 16.8 lbs coal per car-mile. 

3,5 kwhr per car-mile. . . 

.0.26 gals of fuel oil per car-mile 

mile 1 . 

Cost per train- 

. $0.0252. 

. $0.0350. 

.SO 0156 

mile of ten 




cars. 

. $0.2o2. 

. SO.350. 

.SO. 156 

Road Freight Service 



Consumption . . . 
Cost per 1,000 

. 113 lbs coal per 1,000 gtm . 

.27.45 kwhr per 1,000 gtm 

. 2 00- gals fuel oil per 1,000 gtm 

gross ton-miles' SO. 170. 

. SO.2745. 

.SO.120 


1. Coal cost assumed three dollars per ton. Electric power cost including distribution and transmission 
charges assumed ten mills per kilowatt-hour. Diesel fuel cost assumed six cents per gallon. 


2. With only limited use of Diesel freight power in 1941 no values for that year are available. Diesel fuel 
consumption is found to vary between 1 V 2 gallons and 2 1/2 gallons per 1,000 gross ton-miles. An average 
of two gallons is assumed. 


by multiple-cab operation and it is to be 
noted that electric-locomotive users could 
adopt this feature if they cared to incur the 
expense. In this connection it might be 
pointed out that the tender of the steam 
locomotive (unless equipped with a booster) 
is but a useless weight and reduces revenue 
trailing capacity. 

It seems a little harsh in a review such as 
that under discussion that transportation 
engineers should be accused of a “common 
error” in making but halfway study of the 
problem of motive power. It may be 
pointed out that a combination of different 
types of locomotives is often undoubtedly 
necessary, especially in periods of transi¬ 
tion, but it should be borne in mind that 
unified types of motive power have defi¬ 
nite advantages over mixed types from 
many viewpoints, especially in terminals 
and shops. Many maintenance and operat¬ 
ing problems are of course much simplified 
if all motive power is of the same type. 

The Institute is to be congratulated in 
sponsoring a paper so obviously nonpreju- 
diced and one which adds so much to the 
literature on this important subject. 


P. A. McGee (General Motors Corporation, 
New York, N. Y.): In a final analysis the 
selection of the proper motive power is a 
matter of an economic study which gener¬ 
ally can be developed for each type of 
power from existing standard railroad ac¬ 
counts, the cost per switching hour, the 
cost per passenger car-mile or passenger 
train-mile and the cost per 1,000 gross ton- 
miles of freight for the three types of serv¬ 
ices considered by the authors. 

It is of course necessary to qualify these 
costs by considering the nature and amount 
of work performed for the unit costs em¬ 
ployed. 

In the case of switching service, it is 
necessary to distinguish between passenger- 
and freight-car switching, together with 
the possibility of reducing switching hours 
and overtime with a particular type of 
power. 

I11 the case of passenger service it will be 
necessary to consider the types of trains, 
schedules required, and the maximum speeds 
permissible together with helper watering 
and fueling services required, and the possi¬ 
bility of lengthening locomotive divisions, 
and, of course, the number of locomotives 
required. 

In the case of freight trains, consideration 
must be given to the 1,000 gross ton-miles 
per locomotive hour, the maximum speed 
permitted with helper and grade conditions, 
the possibilities of lengthening locomotive 
divisions, and the number of locomotives 
required. 

In effect this is the procedure recom¬ 
mended by the authors in their Appendix A. 
It is a practical method since the three types 
of power considered are in extensive use 
under various operating conditions. In the 
case where a railroad is considering a type 
of power with which it has had no previous 
experience, the unit costs can be obtained 
from railroads, having comparable condi¬ 
tions, employing the type of power being 
considered. 

The required study by the transportation 
engineers mentioned by the author then 
should be largely the work of the accounting 
department and operating officers with a, 


minimum of estimating guesses and wishful 
thinking. 

Under the heading of “Selection of Loco¬ 
motive Characteristics” the authors, having 
considered the requirements, state: 

“The steam and electric locomotive selected may be 
one which has previously been built, or a modifica¬ 
tion thereof, while the Diesel is the nearest com¬ 
mercial size (in production) which fulfills the re¬ 
quirements.” 

I draw your attention to this pertinent 
statement, as it is quite significant that the 
steam locomotive with over 100 years* de¬ 
velopment and the electric locomotive with 
over 40 years* development are still subject 
to constant modifications, while the Diesel 
locomotive of recent origin is now pretty 
well accepted as basically standard in de¬ 
sign. 

The modifications to the steam locomo¬ 
tive are generally brought about by the en¬ 
larging of clearances and strengthening of 
track structures which permit locomotive 
heights "exceeding 16 feet 6 inches and in¬ 
dividual axle loads up to 80,000 pounds. 
The expense of such modifications is obvious 
and can be justified on only very limited 
lengths of track with the result that loco¬ 
motives designed to these limits are re¬ 
stricted in tlieir operation with generally 
low potential availability. 

The electric-locomotive modifications 
have even more restrictions in their use than 
the steam-locomotive. Most of the electric 
locomotives in use today are designed for 
and are confined to a very limited length 
of line which may be very level or heavy 
grade track. The possibilities for long 
through runs with maximum use for electric 
locomotives would appear to be quite re¬ 
mote. 

Both the steam and electric locomotives 
today are featuring their potentially high 
power output. In many instances the 
train size required to develop the claimed 
high horsepower output on level track could 
not be satisfactorily accelerated or oper¬ 
ated for any extended distance on even a 
one half of one per cent grade, With 
electric traction it is claimed that a small 
locomotive with about 50,000-pound con¬ 
tinuous tractive effort can develop more 
horsepower than a good size city would 


require normally for its industrial require¬ 
ments. 

Our transportation engineer must rec¬ 
ognize that the horsepower output of a 
locomotive is the product of pull and speed. 
Steam and electric locomotives are strong 
on speed and short 011 pull when developing 
their maximum horsepower. 

In a close analysis of a particular railroad 
problem the modifications and exceptional 
horsepower outputs can be evaluated easily 
enough. It is when considering the problem 
in its general aspect that confusion and 
misunderstandings are likely to arise when 
modifications and unusual horsepower out¬ 
puts are overstressed in evaluating the ad¬ 
vantages of the three types of power. 

This possible misunderstanding I think is 
well illustrated by Figure 1 of the paper 
referred to by the authors under the head¬ 
ing of “Overload Capacity.*' I would like 
to ask the authors how many steam loco¬ 
motives of the characteristics shown in 
Figure 1 are in operation and what adapt¬ 
ability has this locomotive with regard to 
clearances and axle loads to practically all 
class 1 railroads in the United States? I 
would like to know how many electric loco¬ 
motives with the characteristics shown are 
in use today and how the adaptability of 
this particular locomotive compares with 
other electrified railroads for freight haulage 
in the United States? 

Answers to these questions will probably 
explain my point. 

There are, however, factors associated 
with the locomotive characteristics that 
are not indicated on the curves and should 
be explained. 

The three locomotives are presumed to 
have the same approximate horsepower out¬ 
put at around 40 miles per hour and al¬ 
though not definitely stated the implication 
is that the three locomotives are comparable 
in performance. This is certainly a gross 
misrepresentation. 

In the first instance, although not shown 
on the curve, the Diesel locomotive has a 
starting tractive force of 214,000 pounds and 
a continuous tractive force of 120,000 pounds. 
It delivers its full rating at as low a speed 
as 10 to 12 miles per hour. 

In other words, the Diesel locomotive has 
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3V 2 times the starting tractive effort of the 
steam locomotive, about 2 l / 2 times the 
starting tractive effort of the electric loco¬ 
motive, and over 2 V 2 times the continuous 
tractive effort of the electric locomotive. 
Furthermore, the electric locomotive has to 
obtain a speed of 60 miles per hour to 
develop the 4,800 horsepower nominal 
rating and must run at 40 miles per hour 
to develop over 4,000 horsepower. Note 
this condition with a locomotive having a 
maximum speed of 70 miles per hour. 

The curve for the electric locomotive 
shows a short-time tractive effort rating of 
25 per cent adhesion up to 40 miles per hour 
which is a very optimistic assumption. At 
the short-time rating the locomotive de¬ 
velops 9,000 horsepower which means that 
the power plant to which the system is con¬ 
nected may develop about 18,000 horse¬ 
power. A locomotive with a continuous 
rating of 50,000 pounds tractive force could 
never justify such a demand on the average 
United States railroad. The authors must 
recognize that, if such power demands are 
necessary for the economic development 
of electric traction, they have understated 
the cost of electric locomotives if they must 
be supplemented with power plants of this 
size which cost from $100 to possibly $300 
perhorsepower. 


General comparisons on a train-mile basis 
are seldom satisfactory without complete 
qualifying particulars of train size and speed. 
In freight service all such comparisons 
should be on a 1,000-gross-ton-mile basis. 

Fortunately the question of fuel and 
power consumption costs for locomotives 
have been covered pretty well by the 
Association of American Railways Bureau of 
Railway Economics. Tables giving these 
values were published in Railway Age in 
April, 1942. 

These tables cover switching service, 
road passenger service, and road freight 
service. For convenience I have taken 
the average values for the whole United 
States and tabulated them in Table I of 
this discussion for the three types of serv¬ 
ices considered. It might be well to ex¬ 
plain briefly the conditions for the different 
types of services. 

. In switching service the steam locomo¬ 
tive includes all switching service which 
comprises both heavy and light types of 
steam locomotives. With electric traction, 
the switching service is primarily that of 
small 80-ton locomotives in passenger 
switching. With Diesel operation the 
switching service comprises both 600- 
horsepower . and 1,000-horsepower loco¬ 
motives which on the average are prob¬ 
ably pretty well representative of the 
railways as a whole. It might be men¬ 
tioned that in passenger service we would 
normally expect the 600-horsepower Diesel 
locomotive to consume not more than 
three gallons of fuel oil per hour. 

We assumed for steam operation an aver¬ 
age coal cost of three dollars per ton With 
the electric service the fuel cost including 
the distribution and transmission charges 
would be between 10 mills and 12 mills per 
kilowatt-hour. We have assumed the lower 
value on the attached table. With Diesel 
locomotives we have assumed fuel cost of 
six cents per gallon. All the above costs 
are employed in both switching passenger 
and Freight services. 

The road passenger data are taken direct 


from the table published in Railway Age. 
It should be noted in this case that there 
is no value given for the fuel oil consumed 
with the electric locomotives which fuel 
oil consumption is of the order of 30 per 
cent of that required with the Diesel loco¬ 
motive for five months of the year. 

In freight service the table published in 
Railway Age, which refers to the years 1941 
and 1940, does not give values for Diesel 
freight locomotives which were limited in 
their use during these years. Diesel freight 
fuel consumptions will vary from U /2 to 
2 Vs gallons a thousand gross ton-miles. 
For the purpose of comparison we have 
used an average value of two gallons of 
Diesel oil. In this connection it may be 
noted that there is, of course, quite a little 
variation in the power consumed in freight 
service on the various districts. 

From the savings shown with Diesel 
power under the various services it can be 
seen what large fuel economies can be ob¬ 
tained with the 45,000,000 switching hours 
per year, the 300,000,000 to 400,000,000 
passenger train-miles per year and the 
1,600,000,000 thousand gross freight ton- 
miles per year on our class 1 railroads. 


J. W. Teker (General Electric Company, 
Erie, Pa.): J. C. Aydelott points out three 
factors—high-speed operation, acceleration, 
and locomotive weight, in the comparison 
of motive power which does not affect the 
broad outline of the paper, but the following 
will serve to enlarge upon and qualify these 
items to form a better distinction between 
the types. 

Where high operating speed is a con¬ 
sideration, fundamentally the conventional 
reciprocating steam engine is limited more 
definitely with respect to maximum operat¬ 
ing speed than the other two types with 
rotary drive. While steam power is built 
for high-speed service, there is always the 
problem of dynamic balance and its effect 
upon reciprocating parts and upon the 
track structure. 

When acceleration is considered from the 
standpoint of weight on drivers only, then 
both the electric and Diesel-electric enjoy 
an advantage over steam, but when con¬ 
sidered fully, the horsepower input to a 
train determines acceleration. In this re¬ 
spect the electric alone excels the others 
by virtue of its horsepower reserve, while 
the Diesel-electric by virtue of the electric 
drive exceeds steam only up to the speed 
where the steam can work at its full horse¬ 
power, say 25 miles per hour on Charac¬ 
teristic Curve, Figure 1 of the paper. 

From the operational standpoint, like 
switching, the electric and Diesel-electric 
outperform steam because the speed is too 
low for good steam locomotive performance; 
but in main line operation, where accelera¬ 
tion is required after slowdowns, this is no 
longer true. Only the electric has the ad¬ 
vantage, since both Diesel and steam are 
limited to their fixed horsepower output and 
are on a par with one another. 

In operation on main line grades where 
speed is dragged down, the Diesel-electric 
will again begin to show slight advantage 
over steam but not to the extent that the 
electric does with its ability to apply re¬ 
serve horsepower into the train. 

Train performance is determined by the 
total train weight per horsepower when con¬ 


sidering acceleration and operation on 
grades. The weight of the locomotive 
becomes an important factor as it con¬ 
tributes to total train weight and must be 
subtracted to obtain the weight of the reve¬ 
nue train. The trolley electric locomotive 
again is superior in this respect. 

An additional factor commonly over¬ 
looked is the space occupied by a locomo¬ 
tive in its train. Beyond a certain horse¬ 
power the conventional Diesel-electric ex¬ 
ceeds the steam and electric in length 
which immediately becomes a considera¬ 
tion in yard facilities, terminal station 
trackage, and sidings on the main line. 


Paul Lebenbaum (Southern Pacific Com¬ 
pany, San Francisco, Calif.): I have read 
the paper with a great deal of interest and 
believe it will fill a gap that has been ex¬ 
isting for a long time in the field of electri¬ 
fication literature. There is one point, 
however, to which I wish to take exception. 

Table I of the paper is an analysis of 
motive power characteristics, in which the 
authors indicate that one of the advantages 
of the electric locomotive is its flexibility. 

In times past—in fact, running back to 
1904—this office has made a considerable 
number of studies bearing on the electri¬ 
fication of two of its mountain grades. One 
of these, from Roseville, California, to 
Sparks, Nevada (a distance of 138 miles), 
reaches an elevation, eastbound, of 6,880 
feet, and the other, from Bakersfield to Los 
Angeles, California (a distance of 166 miles), 
reaches an elevation of 4,025 feet. Maxi¬ 
mum grades on both of these lines arc 2.64 
per cent for a considerable distance. These 
districts constitute a link in two trans¬ 
continental routes. 

Traffic over the Roseville-Sparks grade 
fluctuates widely during the various seasons 
of the year, and the peak movement, during 
September and October of each year, con¬ 
stitutes 33V3 per cent of the total ton-miles 
moved during the entire year. Even dur¬ 
ing this two-month period, the traffic peaks 
to a maximum in about the last week in 
September and the first week iii October. 
Electric locomotives would have to be avail¬ 
able to handle this maximum peak, and a 
large number of these locomotives would lie 
idle for the remainder of the year. 

Under steam operation, we can draw 
upon steam power from other parLs of the 
system, for handling the aforementioned 
peak, because peaks on the various divisions 
of the system do not coincide. For instance, 
when Imperial Valley products, like lettuce 
and cantaloupes, are being harvested in the 
early part of the year, traffic on other parts 
of the system is at a low. Similarly, over 
the Tehachapi grade, which is in the dis¬ 
trict mentioned above as lying between 
Bakersfield and Los Angeles, the traffic 
peak does not coincide with the peak over 
the Sierras between Roseville and Sparks. 

To sum up, as far as the Southern Pacific 
Company (Pacific Lines) is concerned, the 
peak movements are handled by the shifting 
of steam locomotives from one district to 
another, whereas, if the mountain grades 
were electrified, the maximum of electrical 
equipment would have to be provided to 
handle the peaks, and a great part of this 
maximum would lie idle during a large part 
of the year. 
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R. T. Sawyer (American Locomotive 
Company New York, N. Y.): The last 
paragraph of this paper has offered a sug¬ 
gestion that a committee be formed con¬ 
sisting of 

“three groups of recognized transportation engineers 
experienced in the application of steam, electric, 
and Diesel-electric motive power Each group 
could then proceed to determine the extent that 
each type should be used for a given case. When 
put together the three reports would indicate to 
what extent definite values can be given to the 
many factors involved." 

This suggestion of a further study of this 
subject is desirable. The actual problem 
of motive-power application should be 
placed in the hands of three groups of trans¬ 
portation engineers with the idea of de¬ 
veloping additional data of a specific nature 
to supplement the general treatment of the 
subject in this paper. 

Some of the members who participated 
in oral discussion ventured the suggestion 
that such a study is hardly worth while 
for the reason that it is not possible to treat, 
in a general way, a subject that is, of neces¬ 
sity, specific in character and, further, 
that the solution of a specific application, 
such as contemplated, would be of little 
value in the approach to the broad problem. 

Such conclusions as these naturally raise 
a question as to the possibility of placing 
in the record, for the benefit of the railroad 
industry the basic data with respect to the 
characteristics of existing motive-power 
types under present conditions. As Mr. 
Litchfield of Gibbs and Hill has pointed out, 
changes in both conditions and motive 
power take place, and the characteristics 
of types of ten years ago or ten years hence 
may differ widely. Such being the case 
the application of the basic data of today 
to a specific problem of railroad operation 
may, and undoubtedly will, produce an 
entirely different result than the application 
of similar data of, say, ten years ago. To 
me, this is one of the main reasons why a 
further study should be made at this time, 
as, broadly speaking, the steam locomotive, 
the Diesel or the electric, should not neces¬ 
sarily be universally used wherever road 
locomotive power is required. 

My interpretation of the suggestion 
which has been made by the authors of this 
paper is not that the application of basic 
data to a specific operating problem will 
produce such a result that may be accepted 
with finality, but rather that the effort to 
produce such a result will at least necessi¬ 
tate the recording of comparative data 
which in itself can be of great value regard¬ 
less of the results derived from its applica¬ 
tion. 

The authors have at least provided the 
skeleton upon which such a study may be 
built, and I concur in the suggestion that 
the chairmen of the Oil-Gas Power and 
Railroad Divisions of the American Society 
of Mechanical Engineers be approached 
with the idea of learning how the member¬ 
ship of those groups would react to the sug¬ 
gestion that a committee be formed for the 
purpose of investigating the potential value 
of further study along these lines. 


L. K. Sillcox (New York Air Brake Com¬ 
pany, Watertown, N. Y.): The authors are 
to be commended for the preparation of a 
paper which may be utilized as a guide in a 


systematic and impartial evaluation of 
motive-power types in specific instances. 
Because of the complete manner with 
which the authors have treated their sub¬ 
ject, it is difficult to suggest additions or 
revisions with improvement as the objective 
but I should deem typical original and main¬ 
tenance costs of the power distribution and 
contact systems essential to electrification 
might well be included, with due allow¬ 
ance for facilities for the servicing of steam 
locomotives which electric locomotives do 
not require. 

Another question which has occurred to 
the writer is relative to the depreciation of 
Diesel-electric power. Reference is made 
to the fact that different rates should apply 
to the Diesel engine, the electrical equip¬ 
ment, and the mechanical equipment. The 
established or estimated service lives of 
the three components would be of interest, 
as would those of the service lives of the 
electrical and mechanical equipments of 
electric locomotives. In this same con¬ 
nection, the authors at one point state that 
various railways write off Diesel-electric 
locomotives at annual rates varying from 
four to ten per cent. At another point the 
statement is made that the Interstate Com¬ 
merce Commission fixes the depreciation 
rates applicable to each of the motive- 
power types. These two statements could 
well be explained for the benefit of those 
unfamiliar with railway accounting pro- 
• cedures. 

The writer of this discussion feels that 
a fourth account, taxes, should be added to 
the Fixed Charges item of Table I. That 
the author agrees is indicated by the in¬ 
clusion of taxes in the discussion of the 
Fixed Charges account in the text of the 
paper. 

The author states that one railway ob¬ 
tains but 12 hours' service daily from its 
steam freight locomotives, eight of the re¬ 
maining 12 being required for servicing and 
repairs while four hours are consumed 
awaiting assignment. This statement may 
be expanded to include steam passenger 
locomotives as well, notwithstanding some 
remarkable extended run performances. 
Oil-burning steam locomotives are regularly 
assigned by this railway to runs up to 
eighteen hundred miles, requiring 50 hours 
of continuous operation, in passenger serv¬ 
ice, yet the effect of limited runs demanded 
by traffic conditions reduces the system 
average to approximately 12 hours per day. 
Even in freight service, steam locomotives— 
again oil-burning—operate continuous mile¬ 
ages of approximately six hundred as a 
maximum. 

In conclusion, the writer wishes to em¬ 
phasize that, although much is written 
advancing the points of merit of the com¬ 
peting motive-power types by their pro¬ 
ponents, in the final analysis selection must 
be made upon sound economic principles re¬ 
quiring close study of the conditions sur¬ 
rounding individual instances, and a paper 
such as the one under discussion will serve 
as an excellent guide to those responsible 
for an impartial decision based upon all 
factors involved. 


A. G. Oehler: The authors, in commenting 
on depreciation rates applicable to locomo¬ 
tives, did not intend to offer any suggestion 
as to proper depreciation rates for Diesel- 


electric locomotives. Cognizance was taken 
however, of the fact that some motive- 
power engineers believe that different rates 
of depreciation might well apply, sepa¬ 
rately, to the electrical equipment, mechani¬ 
cal equipment, and the Diesel engine. In 
arriving at the decision as to the factor of 
depreciation being an advantage or a dis¬ 
advantage, with respect to each type of 
motive power (as indicated in Table I of 
the paper), the authors used an arbitrary 
service life of 30 years for both electrical 
and mechanical equipment and 15 years for 
the Diesel engine. The discussion by Mr. 
Hamilton (New York Central) throws some 
additional light on this particular phase of 
the depreciation problem. 

Without carrying this discussion of de¬ 
preciation to great lengths, it may be said, 
in general, that depreciation rates are al¬ 
lowed by the Interstate Commerce Commis¬ 
sion, usually after actual experience in the 
application of such rates has indicated their 
adequacy. When mention of rates from 
four to ten per cent was made in the paper, 
the statement can well be corrected, for 
purposes of clarity, to the extent of indicat¬ 
ing that such rates have been reported by 
individual roads, in specific equipment cases, 
to the ICC under Order 15,100. Inas¬ 
much as experience under this order has 
the objective of exploring straight-line de¬ 
preciation possibilities versus retirement 
accounting methods, these rates (some ex¬ 
ceeding even the ten per cent figure) are 
not established rates but are merely tenta¬ 
tive rates, either applied for or accepted in 
the specific case. 

It has been suggested by Mr. Witliington, 
electrical engineer (New York, New Haven 
and Hartford) that the cost of $2.68 for 
coal, as given in the paper, is low. This is 
the cost of coal consumed, including freight 
and handling costs, for class 1 railroads in 
the United States, as compiled by the 
Interstate Commerce Commission for the 
first nine months of 1942. The cost of 
coal to the New Haven is, of course, 
considerably higher than this. The 15 
cents per ton for over all handling to the 
locomotive tenders, as given in the paper, is 
a commonly used figure which is considered 
adequate for handling coal to the locomotive 
tenders but which may not include charges 
for hauling coal on the railroad where it is 
used. 

P. Lebenbaum, electrical engineer (South¬ 
ern Pacific), outlines conditions on his rail¬ 
road which would necessitate having a 
sufficient number of electric locomotives on 
an electrified zone to handle peak traffic. 
This would require a relatively large in¬ 
vestment in electric locomotives which 
would not be necessary where peak traffic 
might be handled by steam locomotives 
over an electrified section. 

P. A. McGee (General Motors Corp., 
New York, N. Y.) has asked how many 
steam locomotives there are having char¬ 
acteristics such as those shown in Figure 1. 
These characteristics are those of a loco¬ 
motive built by the Pennsylvania and are 
included to show potentialities rather than 
averages. The electric locomotive char¬ 
acteristics shown are those for the latest 
type of New Haven electric locomotives 
which are described in the September 12, 
1942, issue of Railway Age, page 402. Five 
of these locomotives are in service and five 
on order. A Pennsylvania type GG -1 
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electric locomotive with 65-mile gears 
would have similar characteristics. 


The Power-Recovery System 
of Testing Aircraft Engines 


Discussion and authors’ closure of paper 43-41 
by G. E. Cassidy, W. A. Mosteller, and W. L. 
Wright, presented at the AIEE national tech¬ 
nical meeting, New York, N. Y., January 
25-29, 1943, and published in AIEE 
TRANSACTIONS, volume 62, 1943, May 
section, pages 240-6. 


E. F. Dissmeyer (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The authors have stated in the presentation 
of their paper that, by using the power-re¬ 
covery system of testing aircraft engines, the 
amount of critical materials used is only one- 
sixth of that required to supply an equal 
amount of power from power-supply com¬ 
panies. It would be of interest to know how 
many manufacturers of aircraft engines 
depend upon the testing of engines as a 
firm source of power. Is it now true that 
the power-supply company must have ade¬ 
quate facilities to take care of the entire 
manufacturing load, since there may be 
times when manufacturing of engines must 
be continued in spite of the fact that none 
are being tested? 


J. N. Mahoney (Wright Aeronautical Cor¬ 
poration, Paterson, N. J.): We agree with 
the authors of the paper that for "production 
testing” an electric-power-recovery system 
of testing aircraft engines is desirable and is 
reasonably obtainable where but one size of 
engine is being manufactured, a situation 
which is generally the case in plants 2 and 
3 outlined in the paper. Our company has 
been interested in such power recovery for at 
least ten years, to the writer’s knowledge, 
and engineering studies and test layouts have 
been made of several schemes in conjunction 
with the manufacturers mentioned in the 
paper and some others. The company 
originally had a number of d-c electrical 
dynamometers used in connection with the 
smaller engines, and demonstrations were 
made with these d-c dynamometers on re¬ 
turning test-recovery electric power through 
motor-generator sets to the general power- 
distribution system of the manufacturing 
plant. 


These d-c electric dynamometers were 
originally intended for use with engines of 
approximately 350 horsepower and in later 
years were supplemented with hydraulic 
dynamometers to absorb the rapidly in¬ 
creasing engine horsepower caused by the 
practically continuous development carried 
on m the industry. In this combination the 
electrical dynamometer practically became 
a vernier for the combined dynamometer 
system, because the hydraulic unit was 
necessarily of several times the capacity of 
the electrical unit. The problems of our 
organization through the years include the 
continued development and manufacture of 
engines of higher speeds and horsepowers 
or direct propeller driving and various gear 


ratios on these different engines for different 
diameters and types of propellers, including 
the coaxial twin-propeller drive, and drives 
for other than aircraft purposes. Our plants 
in the Paterson, N. J., district at the present 
time are manufacturing engines in a wide 
variety of sizes, with each of the sizes 
equipped for one or more of these various 
drives incorporated as a part of the design. 

It will be noted from the paper that 
"power-recovery developments since the 
first power-recovery installation” have been 
made in connection with aircraft-engine 
plants erected by the automobile industry 
which at present, at least, are limited to the 
manufacture of but one size of engine; and 
the power-recovery systems used are limited 
to a rather moderate range of speeds and 
powers related to the particular size of 
engine. Our investigation of these installa¬ 
tions and systems indicates that they are 
quite well adapted to the particular applica¬ 
tions but do not have the power and speed 
range to meet the continuing changes in 
power and speed requirements of engines 
both in development and manufacture— 
which is our problem at present. We have 
had in mind for some time an electric gen¬ 
erating unit, other than the combination of 
d-c generator and a-c motor-generator-set, 
which is adapted to generating a-c power at 
the usual system frequency, when driven at 
speeds that may vary in a ratio of from 
approximately 10 to 200 per cent of normal 
frequency. 

Such an equipment would necessarily be 
designed to absorb the torque of the large 
slow-speed propeller drives, and the rotor 
should be capable of operating at the highest 
direct speeds at which any contemplated 
engine design will operate. The conditions 
in the electrical and airplane-engine indus¬ 
tries during the past several years, which in¬ 
cluded both the defense and war programs, 
have prevented the proper development of 
such an electric-power-recovery unit in 
time for our large production program, and 
we have had to carry on with the type of 
propeller test stand as shown in Figure 10 
of the paper to meet the extreme require¬ 
ments of both our development testing and 
production testing. 


G. E. Cassidy, W. A. Hosteller, and W. L. 
Wright: In reference to Mr. Dissmeyer’s 
questions, it is not necessary to have a 
power-supply company connection equal to 
the entire manufacturing load, provided 
power-recovery testing is used extensively 
as the scheme of testing. Power-recovery 
testing as a firm source of manufacturing 
power supply is directly associated with the 
number of test stands installed. A few 
stands, do not have sufficient diversity of 
operation to be depended upon for power. 
On the contrary, the diversity accompany¬ 
ing a large number of stands will result in a 
power supply that is entirely satisfactory. 
Figure 9 of the paper applies to a manufac¬ 
turing plant using a large number of stands. 
The data shown are typical of what may be 
expected.. The data, coupled with the fact 
that engine manufacture and consequently 
plant load, would hardly be at a high rate 
without accompanying testing operation, 
point to the conclusion that a power-supply 
company connection appreciably below the 
maximum manufacturing load would be 
entirely adequate. 


In regard to Mr. Mahoney’s discussion, 
it was not the authors’ intent to leave the 
impression that a test stand of the power- 
recovery type is unduly limited as a means 
of testing a range of engine sizes. The 
authors made the statement that the larger 
the engine the more attractive power-re¬ 
covery testing becomes. This is so, pri¬ 
marily because the kilowatt-hours of power 
recovered from large engine testing, say 
engines of 750 horsepower or 1,000 horse¬ 
power and above, is greater than from small 
engine testing, and because large engine 
testing is more difficult and uneconomical 
by wastage schemes than is the testing of 
small engines. 

The general statement may be made that 
power-recovery testing belongs with large 
engines and that, for an average installation, 
economics will dictate that the range in 
engine sizes to be tested be limited to the 
larger engines. In other words, a power- 
recovery testing stand designed to test a 
single rating of large engine will most likely 
be equally applicable to the one rating if it 
is designed to test a range of large engines. 

The authors feel that Mr. Dissmcyer’s 
and Mr. Mahoney’s comments are timely 
and pertinent and directly to the point of 
the whole paper—namely, to bring to the 
fore an engineering development that still 
presents opportunity for important de¬ 
velopment, improvement, and expansion. 


Synchronous Motors With 
Controlled Excitation for 
Suddenly Applied Loads 


Discussion and authors' closure of paper 43-31 
by W. K. Boice, B. H. Caldwell, and M. N. 
Halberg, presented at the AIEE national tech¬ 
nical meeting, New York, N. Y., January 25- 
29, 1943, and published in AIEE TRANS¬ 
ACTIONS, March section, pages 113-19, 


A. F. Ordas (General Electric Company, 
Fort Wayne, Ind.): Controlled excitation 
offers the possibility of a constant amount of 
corrective kilovolt-amperes from a syn¬ 
chronous motor supplying a rapidly fluctu¬ 
ating load. For motors supplying equal 
constant torque peaks during their duty 
cycle, all that is needed is a "working” exci¬ 
tation of one value and an "idle” excitation 
of another value. The control for such a 
duty cycle may be quite simple. 

Controlled excitation has the advantage 
that reduced machine losses during the idle 
part of the duty cycle means: 

1. Improved efficiency. 

2. Smaller frame size. 

3. A reduction of the idle time of the cycle if the 
same frame size is used. 

In other words, for a given frame size one 
can run more cycles per hour when con¬ 
trolled excitation is used. 

The paper shows the importance of mak¬ 
ing an analysis for transient puli-out torque 
when sudden loads are to be applied. Many 
synchronous motors have been built to 
meet steady-state pull-out guarantees al¬ 
though they are used to drive suddenly ap¬ 
plied loads. 
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Use of controlled excitation will save ma¬ 
terial for national-defense purposes by re¬ 
ducing the necessary motor size. The frame 
will be the larger of the two determined by 

1. Rms kilovolt-amperes of the duty cycle. 

2. The frame size necessary to give the transient 
reactance to meet the required transient pull-out 
torque. 

Calculations indicate controlled excitation 
will allow high-speed unity power-factor 
motors to match the pull-out torque of the 
larger 0.8 power-factor motor of the same 
horsepower rating and improve on the 0.8 
power-factor cycle efficiency. 

Since the transient pull-out torque is 
largely a function of the transient reactance, 
reduction in frame size may be limited by 
the maximum transient reactance allowable. 
When the motor is to drive peak loads with 
low root mean square kilovolt-amperes, the 
frame size can be reduced until the transient 
reactance and transient pull-out torque are 
just within the guarantee requirements. 
Smaller frames necessarily have a higher 
minimum transient reactance than larger 
frames. Here controlled excitation will help 
by permitting a higher core loss, thus per¬ 
mitting use of higher flux density and, con¬ 
sequently, making possible a lower transient 
reactance than would be obtainable ordinarily 
with a given frame. Of course, the higher 
flux also means the starting kilovolt-amperes 
approaches that of the larger frame. 

The over-all cost of a controlled excita¬ 
tion equipment will probably be greater 
than for a standard 0.8 power-factor motor 
at ratings below 250 horsepower. 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): The use of controlled 
■excitation for suddenly applied synchronous- 
motor loads is a logical development. Regu¬ 
lators are being used more widely for control 
of generator excitation for essentially the 
same reasons as outlined in this paper for 
motors; that is, reduction in size of the 
rotating electric apparatus, reduction in 
losses, and improved system performance. 
The results of the investigation for motors 
also agree with that for generators, in that 
standard methods may be used and high 
rates of response are not necessary. The 
ability of the machine, generator, or motor 
to withstand transient changes is determined 
chiefly by its transient reactance. 

Power-system as well as industrial engi¬ 
neers should find real encouragement in this 
paper, in that the regulator and its control 
can be justified for ratings even below 5,000 
horsepower, based on benefits which accrue 
to the industrial-plant operator directly. 
The power system benefits by obtaining a 
reduction in real and reactive-kilovolt¬ 
ampere system losses and improved load and 
system stability. 

In the design of motors using regulated 
excitation, care should be taken to provide 
a margin above that apparently required 
for the shaft loads alone, to allow for supply- 
system impedance and system disturbances. 
It would constitute a disadvantage for this 
type of control if too great an economy of 
materials were attempted at a sacrifice of 
adequate pull-out margin. 

W. K. Boice, B. H. Caldwell, M. N. Hal- 
berg: The authors agree with Mr. Crary 


that adequate margin in pull-out torque 
should not be sacrificed in the pursuit of 
maximum economy of materials. 

Mr. Ordas has correctly summarized and 
explained the factors which determine the 
maximum saving in materials that can be 
realized through controlled excitation. 

The paper has emphasized the saving of 
critical materials, as this is a particularly 
important advantage in the present emer¬ 
gency. Normally, however, it is felt that 
this advantage will be of secondary impor¬ 
tance, and improvement in operating char¬ 
acteristics will be the principal justification 
for the use of controlled excitation. 

The investigation program outlined in the 
paper is now being extended by the accumu¬ 
lation of actual field experience. During 
1940 a controlled-excitation system was 
furnished with a 4,900-horsepower motor 
driving a d-c generator, which supplies 
power to a d-c reversing mill motor. The 
peak-load requirement was 250 per cent, 
which may be suddenly applied. Operation 
has been entirely successful. Construction 
is now under way on a 5,600-horsepower 
motor for a similar application where con¬ 
trolled excitation will be used. 

Paired-Phase Bus Bars for 
Large Polyphase Currents 

Discussion and author’s closure of paper 43-17 
by Lawrence E. Fisher and Robert L. Frank, 
presented at the AIEE national technical 
meeting, New York, N. V., January 25-29, 
1043, and Dublished in AIEE TRANSAC¬ 
TIONS, volume 62, 1943, February section, 
pages 71-7, 

L. L. Fountain and C. P. West (Westing- 
house Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): 1. The 
authors have described a novel arrangement 
of paired-phase bus bars and have pointed 
out their advantages. Low losses and good 
regulation are demonstrated by test. The 
statement is made: "Furthermore, the 
dimensions that produce these desirable elec¬ 
trical and thermal characteristics lend them¬ 
selves to convenient structural designs 
wherein the problems of joining adjacent 
bus-bar lengths, making tap-offs, support 
against mechanical and short-circuit forces 
and insulation are greatly simplified.” We 
can hardly agree that the structural problems 
or making of tap-offs are simplified as com¬ 
pared to normal bus design. However, 
other advantages may compensate for in¬ 
creased difficulties in these respects. Paired- 
phase arrangements appear to be advanta¬ 
geous for transmission of power for long 
distances at low voltage. 

2. The basis of the paired-phase per¬ 
formance is the close spacing between the 
phases of the pair which complicates the 
insulation between phases, particularly 
where taps or joints must be made. It is 
thus evident that the proposed arrangement 
is not well suited for bus designs in metal- 
enclosed switchgear. The mechanical con¬ 
ditions here are very different, and an edge- 
to-edge arrangement of bars and frequent 
insulated tap-offs would require much more 
space than present conventional designs. 


3. The curves shown in Figures 4, 5 f and 
6 of the paper are plotted with voltage drop* 
against an abscissa of "over-all width” in 
inches occupied by the bus copper. It 
seems this method of comparison of the 
paired phase, laminated, and interlaced 
busses is not a fair one. 

4. In the case of the laminated bus, the 
distance d in Figure 2 between phases is 
made larger than need be if insulation is 
used as in the paired-phase arrangement. 
If this distance were made the same as the 
distance between the edges of the copper 
bars of opposite phases, as shown in Figure 1 
(vertical arrangement), then a much lower 
voltage drop and less unbalance in voltage 
would be realized. 

5. In the case of the interlaced bus, the 
spacing d , Figure 2, between bars, should 
be made the same as 5 in Figure 1 for fair 
comparison. .A separation into two groups 
of three bars each rather than with uniform 
spacing as shown in Figure 2 of the paper, so 
that the space between groups would give 
an over-all width, the same as occupied by 
the paired-phase arrangement, would, we 
feel, result in an equivalent or even lower 
voltage drop than shown for the type-3 
paired-phase arrangement. Also, it appears 
the current would more nearly approach a 
50 per cent division in each phase bar, than 
the 58 per cent required to be carried by 
each phase bar in the paired-phase arrange¬ 
ment. This in itself would result in less 
heating in the copper for the interlaced 
compared with the paired-phase arrange¬ 
ment. 

6. Referring to Figure 4 of the paper, one 
can make a more accurate comparison of the 
relative performances of the several types of 
bus arrangements as they have been dis¬ 
cussed, by comparing the values in the lower 
portion of the curves for laminated and 
interlaced busses with those curves for the 
paired-phase arrangement. 

7. Curves are shown (Figure 17) giving 
the temperature rise for various sizes of 
bars in a six-bar paired-phase bus. It 
would be interesting to know what com¬ 
mercial rating is given to a typical bar 
size such as one-fourth by four inches in a 
housing such as illustrated in Figure 15. 
What temperature rise over outside air 
would be expected? Do commercial ratings 
conform to the standards of the National 
Electrical Manufacturers Association and 
AIEE? 


Lawrence E. Fisher: With respect to the 
discussion of L. L. Fountain and C. P. 
West, it should be emphasized that we do 
not advocate the paired-phase bus-bar ar¬ 
rangement for all bus-bar applications. The 
paired-phase paper primarily intended con¬ 
sideration of paired-phase bus-bar arrange¬ 
ments for feeder distribution systems for 
industrial plants and similar applications. 
The data in the paper were presented in a 
manner to relate the paired-phase perform¬ 
ance to performance of other common types 
of bus-bar distribution-system arrangements 
used for similar applications. The curves 
of the different types of arrangements were 
shown on the same drawing in a manner to 
permit any desired comparison. The over¬ 
all width w was chosen as the most appro¬ 
priate common dimension of comparison, be¬ 
cause the dimensions d and s of the different 
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types of arrangements may be varied within 
a common given over-all width to obtain 
different performance characteristics. 

The following comments are numbered to 
correspond with the numbers in the discus¬ 
sion: 

1. Experience with feeder distribution 
systems of the low-impedance type, requir¬ 
ing close spacing of opposite-phase bus bars, 
indicates that the paired-phase arrangement 
provides advantages of easy joining between 
sections in forming long runs. The flat sur¬ 
faces of the bus bars are exposed as shown 
in Figure 15 of the paper making it very easy 
when installing to clean thoroughly and 
prepare the contact surfaces before the bus 
bars are bolted together. Moreover since 
the wide flat surfaces of all six bars are 
exposed and thus readily accessible, it is 
easy to connect tap-off straps to the bus 
bars. 

2. Paired-phase arrangements are not 
specifically advocated for enclosed switch- 


sion of current, the current in the one bar 
would be almost 75 per cent greater than the 
current in the other bar. In addition to the 
unequal division of current between the two 
bars in parallel, the a-c to d-c resistance 
ratio in each individual bar would be rela¬ 
tively high. 

6. As stated previously, comparisons can 
be made as desired from the data presented. 

7. It has been common practice to rate 
bus ducts (bus-bar feeder distribution sys¬ 
tems) at 600 volts or less on the basis of 
1,000 amperes per square inch of conductor 
cross section rather than on a temperature- 
rise basis. This practice is influenced by the 
National Electrical Code and the Under¬ 
writers’ Laboratories. The paired-phase 
bus duct with six one-fourth-by-four-inch 
bus bars (Figure 15) would be rated ac¬ 
cordingly at 2,000 amperes. The hot-spot 
temperature rise for this or other current 
values can be determined from Figure 17. 


which it should suppress disappeared only 
after two such arresters in parallel had been 
installed. However, in all later cases and 
particularly in the systems with higher 
voltages, one arrester of the newer construc¬ 
tion 3 gave good results. This shows clearly 
how important it is to use the right kind of 
arrester or resistance as by-pass. 

In the case of the Southern California 
line, it seems as if the ThyriLc by-pass inside 
the tank of the coil 4 were too high and there¬ 
fore not effective enough. It would seem 
advisable to use regular lightning arresters 
instead of the internal by-pass which is 
necessarily of comparatively high resistance. 
This discussion refers only to that part of 
the transient overvoltages due to switching 
which is induced by the resonant neutral 
grounding. The method mentioned will 
reduce the overvoltages to harmless magni¬ 
tudes. It should hardly be questioned that 
the well-developed breakers in use in this 


gear in which the bus runs are short and 
where low-impedance performance is not 
important. 

3. The curves shown in Figures 4, 5, 6, 
and 9 in the paired-phase paper are plotted 
from actual test data for the laminated 
arrangement, the interlaced arrangement, 
and the paired-phase arrangement, using 
the same bus bars for a rather wide varia¬ 
tion of dimensions. As stated in the text, 
comparisons may be made in any way 
desired. It is not intended that comparisons 
be made only for the same over-all width. 

4. It is apparent from the curve of 
Figure 4 that, as the pairs in the laminated 
arrangement are brought closer together, 
the voltage drop becomes lower, but it 
remains considerably unbalanced. If the d 
dimension in the laminated arrangement is 
reduced to the same value as the 5 dimen- 


Switching Overvoltage 
Hazard Eliminated in 
High-Voltage Oil 
Circuit Breakers 


Discussion and authors’ closure of paper 43-19 
by Lloyd F. Hunt, E. W. Boehne, and H. A. 
Peterson, presented at the AIEE national 
technical meeting, New York, N. Y., January 
^^3, and published in AIEE 
TRANSACTIONS, volume 62, 1943, Febru¬ 
ary section, pages 98-106. 


sion, namely 5 /s inch, making the over-all 
width 3V a inches, the voltage drop remains 
considerably greater in magnitude and more 
unbalanced than that of the interlaced ar¬ 
rangement or paired-phase arrangement. 

5. If the spacing d in the interlaced ar¬ 
rangement were made the same as the spac¬ 
ing 5 in the paired-phase arrangement, the 
performance would be as indicated in 
Figures 4, 5, 6, and 9 for an over-all width 
°f 3Va inches. If these arrangements were 
separated into two groups of three bars 
each, so that the space between the groups 
would give an over-all width, the same as 
occupied by the paired-phase arrangement, 
it would not be considered an interlaced 
arrangement. 


. an arrangement was not discu; 
m the paired-phase paper, but tests < 
ucted on this type of bus-bar arrangem 
using six one-fourth by four-inch bus b 
indicate that the line-to-line impeda 
drops are severely unbalanced. The m 
mum line-to-line impedance drop is aln 
/5 per cent greater than the minimum li 
to-lme impedance drop. This assumes t 
the two groups of three bus bars are t 
together in parallel in the arrangem 
‘■■.ABC. It is, of course, possi 
o connect these two groups in parallel 
such a way that the bar having the low 
impedance in one group will be conneci 
in parallel with the bar in the other gro 
having the highest impedance. This woi 
of course cause a very unequal division 
current between the two bars in paral1 
In the one leg having the most unequal dr 


Eric T. B. Gross (Cornell University, Ithaca, 
N. Y.): For the particular case of a high- 
voltage single-circuit transmission system, it 
has been known for some time past 1 that 
interrupting the line-charging current in a 
ground-fault-neutralizer system is more dif¬ 
ficult from a switching standpoint than in 
the same system with the neutral solidly 
grounded. For the last 14 years or so 
modern-type lightning arresters have been 
used in Europe and other foreign countries 
to by-pass the ground-fault neutralizer at 
the end of a single-circuit line, in order to 
avoid the increase in overvoltages due to the 
resonant grounding of the neutral. In . 
many cases such arresters are also used at 
the isolated transformer neutral in the sta¬ 
tion terminating a single-circuit line, even 
if a resonant coil is not installed in the sta¬ 
tion. The damping resistance of modern 
arresters is so small that there is practically 
no difference between the ground-fault- 
neutralizer system and the system with the 
neutral directly grounded, as far as surges 
are concerned; whether or not the coil is 
tuned is of no consequence. As previously 
mentioned, 2 this method is by far the 
simplest and cheapest. 

. In a number of similar cases in 120-kv 
single-circuit systems in Austria and other 
European countries, all the flashover and 
restriking troubles disappeared after the 
installation of the arresters at the trans¬ 
former neutral. In one 66-kv system, the 
early type of lightning arrester with non¬ 
linear damping resistance built in 1929 did 
not prove sufficient, and the flashovers 


country are unable to switch off the capaci¬ 
tive load of high-voltage lines. 

Circuit breakers with internal resistances 
were generally used in Europe for long high- 
voltage lines and for transformers until 
about 15 to 20 years ago. 5 For anyone who 
is somewhat familiar with European prac¬ 
tice, and who knows about the struggle to 
get rid of the internal-resistance breaker and 
of the tendency to follow American practice 
of long successful standing, it seems like a 
step backward now to introduce such a 
breaker here if there is more than a chance 
that another way of suppressing dangerous 
overvoltages seems possible. 
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J- B. MacNeill (Weslinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This paper is of marked interest, 
because it covers the interruption of charg¬ 
ing currents on an ungrounded 230,000-volt 
line and deals with phenomena which cannot 
be duplicated completely in modern high- 
power laboratories. 

Resistors in shunt to circuit interrupters 
have been used in the past for four general 
purposes: 


unit, shunt resistors across each interrupter will 
serve to divide the recovery voltage between the 
interrupters and thus reduce the likelihood of arc 
re-establishment after it has once been interrupted. 
t £ Urpose ’ resislor s of large ohmic value 

rom 100,000 to 1,000,000 ohms per unit are usable. 

(6). On high-voltage interrupters, shunt resistors 
may be used to carry the terminal voltage down to 
tfce bottom of the interrupter, the charging current 

^ u WUh l0W V ° ltage drop ' elimi¬ 

nating high voltage stress across the insulation of 
the interrupter when the circuit breaker is open 

SequatT 13 ' ^ ValUeS ° f resistance are 
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(c) . Reduced values of resistance in the range of 
several thousand ohms are usable in parallel with 
interrupters to influence the shape and to an ap¬ 
preciable extent the peak of surge voltages which 
appear across circuit breakers during the interrup¬ 
tion of short-circuit and line-charging currents. 
Compressed-air breakers with limited interrupting 
ability on circuits with extremely high recovery 
voltage rate have used such resistors to advantage. 

( d ) . With only a few ohms of resistance connected 
in parallel with a switch, the opening of such a 
breaker places the resistance in series with the cir¬ 
cuit, raising the power factor and greatly reducing 
the short-circuit current for subsequent interruption 
by a second breaker. An outstanding case of this 
kind for 35 years has been the resistance-breaker 
scheme used on the New York, New Haven, and 
Hartford Railroad electrification from New York 
to New Haven. On this system, the operation of 
line relays has caused the insertion of resistance at 
the main switchhouse at Cos Cob, so that the 
opening of a relatively light sectionalizing breaker 
has been adequate to interrupt the faulty section. 
Recently, however, with improved circuit inter¬ 
rupters, it has been found feasible to eliminate the 
so-called switch-house scheme, and permit the line- 
sectionalizing switches to open the short circuit 
directly. 

An example of effective use of resistances 
discussed under items a and & is a series of 
tests completed on the West Coast during 
January of 1942 in which approximately 
100,000-ohm resistois were used in shunt to 
each of four interrupters per pole unit of 
230,000-volt breakers. These tests showed 
line-charging currents of approximately 75 
amperes interrupted in total breaker times 
of 2Va cycles with not more than 100 per 
cent surge voltage above the normal line-to- 
ground peak. This represents the per¬ 
formance of certain modern high-efficiency 
interrupters which are adequate with rela¬ 
tively high ohmic values of resistor in 
parallel, so that the residual current to be 
opened on the disconnecting break is negli¬ 
gible. One item to be noted in connection 
with the development described by the 
authors is that the residual current after 
the resistance has been inserted is approxi¬ 
mately 40 amperes, and this must be inter¬ 
rupted on a plain oil break. Even with the 
high power factor in the circuit, after the 
resistance has been inserted, the delay in 
clearing this residual current is of some 
importance. 

The authors are to be congratulated on 
working out the resistance scheme, here de¬ 
scribed, in a minimum space, for having 
shielded it properly to secure necessary 
insulation tests, and for having demon¬ 
strated it on one of the large American 
systems on which charging-current interrup¬ 
tion has been a source of difficulty in the 
past. 


R. D. Evans and R. L. Witzke (Westing- 
house Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): Hunt, 
Boehne, and Peterson have presented an 
important paper on the control of power- 
system switching transients. This is a well- 
rounded paper giving the results of 

1. Miniature-system studies of the initial problem 
and the control by resistance breakers, 

2. High-power laboratory tests. 

3. Field tests of the initial switching transients and 
the resistance breaker for its control. 

We are particularly interested in this in¬ 
vestigation because it provides further 
evidence of the usefulness of the miniature- 
system method of investigating transients. 
For the present investigation this method 


provides the practical means of determining 
the ohmic value of breaker resistance for 
laboratory or field test. 

In Figure 1 of this discussion are sum¬ 
marized the results of a similar study made 
in 1938 by the miniature-system method. 
It will be noted that the curves for the case 
of the resistor in parallel with the breaker 
are quite similar to the curves in Figure 7 
of the Hunt, Boehne, and Peterson paper. 
As the breaker finally must interrupt current 
through the resistor, it is of interest to deter¬ 
mine the effect of restriking during this part 
of circuit interruptions. For this reason 
additional studies were made with the re¬ 
sistor in series with the breaker. It will be 
noted that for this case lower values of re¬ 
sistance result in the higher transient volt¬ 
ages. Considering both types of charging- 
current interruption, the lowest transient 
overvoltage is obtained with a resistance of 
about 1,300 ohms corresponding to the 
intersection of the curves. This would cor¬ 
respond to the preferred value of resistance 
from the standpoint of limiting transient 
overvoltages on the system. 

It should be recognized that switching 
overvoltages are functions of system layout, 
particularly of the length of line switched 
and of the grounding method. From the 
standpoint of these overvoltages, the worst 
types of systems are the high-impedance 
grounded and isolated-neutral systems. On 
solidly grounded systems the overvoltages 
may theoretically reach six times normal, as 
given in Figure 1, for a particular system. 
Lower overvoltages were obtained on a 
similar study for a considerably different 
system, as given in the paper by Evans, 
Monteith, and Witzke (reference 3 of the 
paper). Many field tests on several systems 
have been made with Westinghouse break¬ 
ers, and the maximum voltage to ground 
that has been obtained is of the order of 
three times normal. On this basis the use 
of resistors to limit switching overvoltages 
may be quite limited and even unnecessary 
for the types of systems commonly used in 
this country. 


W. F. Skeats (General Electric Company, 
Philadelphia, Pa.): To one who has worked 
with the theory of any type of equipment and 
made calculations as to its behavior, it is 
always extremely interesting to see how 
well the actual behavior of the equipment 


Figure 1. Resistance breaker interrupting 

charging current—230-mile 230-kv line 

Phases B and C closed/ two restrikes on 
phase A 

conforms to the calculated predictions. In 
the tests reported by Hunt, Boehne, and 
Peterson, voltage measurements were made 
on each side of each of the three poles of the 
breaker with oscillographic equipment se¬ 
lected and arranged so as to give an in¬ 
structive record. Sufficient information was 
therefore available to check the performance 
both of the circuit breaker and of the gen¬ 
erating and transmission equipment on 
either side of it. 

In general, the generating and transmis¬ 
sion equipment behaved according to theory. 
One interesting question in this respect was, 
the extent to which phases already discon¬ 
nected would be affected by surges on 
phases .still in the process. With the system 
neutral solidly grounded, the mutual effect 
of this type in the transmission-line con¬ 
ductors was noticeable but not of sufficient 
magnitude to influence greatly the voltages 
obtained or to cause additional restrilcing 
in the breaker. With the ground-fault 
neutralizer in the circuit, however, there 
was in addition a quite considerable effect 
on the generator side of the breaker which 
caused directly an appreciable voltage surge> 
and was also responsible for additional re¬ 
striking in the breaker, which contributed 1 
still more to the voltage. 

With regard to the circuit breaker the 
questions are: 

1. Under what conditions will the arc restrike? 

2. Will the oscillating current resulting from the 
restnke be cleared at the first high-frequency current 
zero? 

3. How many restrikes will take place on any one 
phase in the course of an interruption? 

The records indicate that 

1. Without resistors, restriking may take place 
at any time up to almost a cycle after the last 
previous flow of arc current in the same breaker pole. 

2. After a restrike at a small potential difference, 
the arc would, in general, not be extinguished at 
the following high-frequency current zero, but, after 
a restrike at a potential difference of the order of 
normal crest voltage or more, the arc usually was 
extinguished at this time, bringing about the possi¬ 
bility of cumulative voltage build-up. 

3. With the solidly grounded system, not more than 
one significant restrike per breaker pole was en¬ 
countered on any one test. With the ground-fault 
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neutraizer m the circuit, however, and without 
resistors, two significant restrikes were several 
times experienced on one pole. 

The knowledge of such facts as these 
complements the information obtainable 
from miniature-system tests and increases 
the accuracy with which conclusions may be 
drawn from such tests. 


H. E. Strang (General Electric Company, 
Philadelphia, Pa): This paper presents 
another illustration of the orderly sequence 
of steps so important in arriving at a solu¬ 
tion to a particular problem and then making 
sure the solution is effective, as well as deter¬ 
mining the extent to which its application 
may be broadened. 

Fundamentally, the steps in this case 
were as follows: 

I. Determination of problem and preliminary 
theoretical analysis of causes. 

2. . Transient-analyzer study permitting relatively 
quick determination of effect of various proposed 
solutions. 

3. Tests at factory short-circuit testing laboratory 
to check conclusions arrived at through transient- 
analyzer study. 

4. Staged field tests with complete recording 
equipment to determine performance under various 
actual field service conditions. 

Regardless of factory test facilities avail¬ 
able, such an investigation would have been 
inconclusive without the last step, the field 
tests. Never before has the industry been 
provided with so much actual recorded 
data on the nature and magnitude of over¬ 
voltages associated with switching long 
lines under various conditions. It is sig¬ 
nificant to observe from the chimney chart 
shown in Figure II of the paper (initially 
arranged by W. F. Skeats) that, regardless 
of the length of the line, the maximum line 
or bus overvoltages with a solidly grounded 
neutral ran only slightly over twice normal 
without the aid of the resistor, and that these 
conditions were handled without difficulty. 
This represents a fairly general case, and a 
condition under which hundreds of high- 
voltage breakers are regularly operating. 

On the other hand, if some special local 
conditions produce a situation where, with¬ 
out resistors, voltages in the order of 47a 
times normal are produced, as shown in this 
chart, the resistors have proved effective in 
reducing these to the range of safe values, or 
in the order of twice normal. 

This investigation has led the way toward 
making available quantitative values for 
terms which previously had been dealt with 
as hazy generalities. It has provided the 
method of determining the conditions which 
may lead to dangerous overvoltage switch¬ 
ing surges and the means of controlling 
them where such conditions arc found to 
exist. 


T* W. Schroeder (General Electric Com¬ 
pany, Schenectady, N. Y.): As electric- 
power systems have developed, transmission 
lines have gotten longer, and their voltages 
have increased. Occasionally, under special 
circuit conditions, the operation of circuit 
breakers in de-energizing these lines when 
unloaded has given rise to abnormally high 
voltage surges. This was the ease for the 
particular application described which pre¬ 
sented the need for the use of a special 
method of control for these particular con- 



Figure 2. Oscillograms of voltages associated 
with energizing 180-mile transmission line at 
negative crest of 60-cycle source voltage 

101-10 Voltage at source end 

101-11 Voltage at far end 

ditions. Thus, it should be emphasized that 
the need for the addition of the resistor in 
terms of present experience is far from a 
general requirement when opening charging 
kilovolt-amperes in terms of long high-volt¬ 
age lines or shunt capacitors. 

The analogy ably drawn in the paper be¬ 
tween the behavior of a capacitor having 
zero surge impedance and a line or cable 
having distributed capacitance is interesting 
and worthy of further discussion. Figure 2 
of this discussion shows a transient-analyzer 
oscillogram of the voltage at the sending and 
far open end of a 180-mile overhead line 
when it is energized at a negative 60-cycle 
voltage maximum. Oscillogram 101-10 
shows the source-end voltage and 101-11 is 
the far-end voltage. The difference in time 
between the instant of energization, point a, 
and the appearance of voltage and its im¬ 
mediate reflection to double value at b is the 
time for the voltage wave to travel 180 
miles which is roughly (180/186,000 X10“° = 
970 microseconds, since the velocity of 
electric waves on open lines is approximately 
that of light. At this same lime interval 
(970 microseconds) later, c the reflected 
wave arrives at the home end, where it is 
reflected almost entirely negatively except 
for the small positive reflection caused by a 
low value of source inductance. This re¬ 
flection process continues until the original 
reflection decays because of line losses. At 
the far end the voltage transient is analogous 
to that obtained at the terminals of a 
capacitor when it is energized at voltage 
crest through an inductance. With resist¬ 
ance neglected, the frequency of oscillation 
for the capacitor is 1/2t\/lc, where L 
is the source inductance and C the capaci¬ 
tance. For the line, the fundamental 
oscillation frequency (see 101-11, Figure 2) 
is 1/4 l-y/LC, where L and C are the line 
inductance and capacitance per-unit length, 
respectively, and l is the line length. 

The traveling wave voltages associated 
with interrupter restriking when de-energiz¬ 


ing the first phase of a 180-mile artificial 
overhead line, described in the paper, are 
shown by transient-analyzer oscillograms in 
Figure 3. The line was opened at charging 
current zero (voltage crest) at point a of 



Figure 3. Oscillograms of voltages associated 
with de-energizing 180-mile transmission line 
with interrupter restrike at crest of switch volt¬ 
age and final interruption at subsequent 
transient current zero 

101-12 Voltage across switch 
101-13 Voltage at source side of switch 
101-14 Voltage at line side of switch 
101-15 Voltage at far end of line 
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Figure 4 


CAPACITOR BANK CAPACITOR BANK 


1-13, leaving a bound charge of approxi- 
itely normal crest voltage E, on the line. 

time b, near the switch voltage maxi- 
im, the arc was caused to restrike, starting 
e wave of —2 E down the line, which 
arged the line to — E. The wave’s ar- 
r al at the far end changed the voltage at 
at point from E to —3E, neglecting losses 
ie c of 101-15), because of reflection with- 
t change in sign of the —2 E wave, and 
e reflected wave charges the line as it 
:urns to the home end to —3 E. Follow- 
j the associated current waves along with 
is will show that now the interrupter cur- 
it is again zero—hence the circuit was 
ened at time d of 101-14. It is of interest 
note here that, at time c, although the 
en-end voltage has gone to — 3E, the 
ergy content of the line is given by 
2 2 /2, where c is the total line capacitance, 
lereas at time d the energy content has 
en raised to approximately C(3E) 2 /2. 
The prevention of restriking overvoltage 
■ use of a resistor across the circuit- 
caker contacts, as outlined in this paper 
: a long high-voltage transmission line, 
is also accomplished recently for a 15,000- 
a 13.8-kv capacitor bank located in the 
bstation of a large industrial plant, 
iree-phase full-scale tests reported in 
; erence 5 of the paper indicated that, with 
indard breakers, when this magnitude of 
pacitor kilovolt-amperes was being inter- 
pled, occasional restriking might be 
countered. For this application it was 
cided to provide a resistor element across 
ch break of the circuit breaker. These 
sistors were tested before installation, and 
Id tests were made at the actual installa- 
>n, where there was available a total of 
,500 kva of capacitors which could be 
nnected to the breaker for test purposes. 
Tests were made, not only to check the 
sistor effectiveness, but also to observe 
e performance of the standard breaker 
Lhout resistors at capacitor ratings of 
,000 kva and above. Arresters were ena¬ 


ble I. Summary of Capacitor Switching 
sts With and Without Breaker Resistor 


To. 

>f Switch 
>sts N 

Number 
of Re- 
strikes 

Number of 
Arrester 
Operations 

Maximum 

Capacitor 

Kva 

Switched 

C 2 

fch Resistor Elements 



0. . . Open . 

. .5* 

. None 

. .22,500 

7 ,. .Closed. 

. .2 

. N one 

. . 20,000 

thout Resistor Elements 


3.. .Open . 

. .3** 

. 1—at C 2 — . 

. . 15,000 



15,000 kva 


7... Closed. 

. .None. . 

.None 

. .15,000 


beginning at 15,000 capacitor kva switched. 
Beginning at 10,000 kva switched. 


ployed to protect the capacitors under the 
latter conditions. 

Tests are summarized in Table I, with 
circuit connections as shown by Figure 4. 
A connection between the neutrals of the 
switched and unswitched capacitor banks 
was made which could be readily opened or 
closed. 

Although more restrikes are shown for a 
comparable number of tests with the resistor 
than without it, it should be noted that those 
with the resistor occurred between 15,000 
and 22,500 capacitor kva switched. In this 
range, without resistors, a restrike occurred 
causing an arrester operation; hence testing 
without resistors was stopped. However, 
tests were continued with resistors up to 
22,500 kva, since the restrikes resulted in 
only low overvoltages because of the bene¬ 
ficial action of the resistors. 

These tests accomplished the following 
results: 

1. Permitted the conclusion that, although re¬ 
striking occurs with the breaker resistor on switch¬ 
ing capacitor banks of the higher kilovolt-ampere 
ratings, the resistor limits the resulting overvoltages 
to value below sparkover of an arrester of proper 
voltage rating for the system insulation values. 
The resistor is also effective in lowering the magni¬ 
tude of the inrush current when energizing a capaci¬ 
tor bank. 

2. Further substantiated the approximate limita¬ 
tion of standard breakers fixed by tests previously 
reported in reference 5 of the paper. 

3. Showed the effectiveness, from a restrike pre¬ 
vention standpoint, of interconnecting the neutrals 
of switched and unswitched wye-ungrounded capaci¬ 
tor banks, pointed out from analysis and miniature 
tests reported in preceding reference. It was shown 
in that paper that the effectiveness of neutral inter¬ 
connection decreases as the ratio of unswitched to 
switched capacitance C 1 /C 2 decreases. 

Lloyd F. Hunt, E. W. Boehne, and H. A. 
Peterson: Eric T. B. Gross points out that 
lightning arresters have been used in 
Europe and other foreign countries to by¬ 
pass the ground-fault neutralizer at the far 
end of a single circuit line to avoid the 
increase in overvoltages due to the resonant 
grounding of the neutral. He implies that 
this is the simplest and cheapest method of 
overcoming the voltage surges. It is 
reasonable to expect that such a practice 
would limit overvoltages that might appear 
across the ground-fault neutralizer, but it 
is clear that it would fall far short of solving 
the overvoltage problem on the high-voltage 
system. Consequently, a comparison on a 
cost basis is not permissible, since the pur¬ 
pose to be achieved is not the same in both 
cases. The addition of resistors to high- 
voltage breakers of the multi gap construc¬ 
tion is an economical proposition. More¬ 
over, such resistors solve the switching over¬ 
voltage problem under all conditions, in¬ 
cluding that of a solidly grounded neutral. 

Mr. Gross also brings to our attention that 
the practice in Europe of installing resistors 
in breakers for the purpose of minimizing the 
prolonged inrush currents with the parallel 


transformers has been discontinued. Such 
resistors have been avoided in American 
practice mainly because of the 

1. Improved transformer construction for the pur¬ 
pose of withstanding such currents. 

2. Modern relaying practice (harmonic restraint 
relays) which adequately protect the system in 
spite of the transformer inrush phenomena. 

It is, therefore, hard to see how Mr. Gross 
draws the conclusion that the elimination of 
resistors within breakers of European cir¬ 
cuits from a relaying standpoint indicates 
that we are making a step backwards when 
simple resistors are installed within high- 
voltage breakers for the purpose of overcom¬ 
ing a severe overvoltage switching problem. 

It is interesting to point out in connection 
with the distribution of voltages between the 
two breaks of an oil circuit breaker at the 
time of interrupting a capacitive circuit that, 
although the net voltage across the breaker 
is zero immediately following interruption, 
this voltage divides between the two breaks 
approximately +80 per cent of the crest 
value of line-to-neutral voltage across one 
break and —80 per cent of the crest value of 
line-to-neutral voltage across the other 
break. This fact is only of academic im¬ 
portance, inasmuch as, should one break 
discharge to the crosshead, the resulting 
voltage across the other break would col¬ 
lapse to the smaller net voltage across the 
breaker. 

Mr. MacNeill presents some of the early 
history showing several possible appli¬ 
cations of resistors in shunt with circuit 
interrupters. With values of shunt resist¬ 
ance in the neighborhood of 3,000 ohms, 
purposes a and b are accomplished as well as 
c, in so far as it applies to the interruption 
of line-charging currents. Aside from the 
reduced recovery voltage and shorter arcing 
times, resistors of this value have practically 
no effect during the interruption of short- 
circuit current, as the small resistor current 
(40 to 50 amperes in this case) is so veiy 
small, relative to the fault currents which 
flow prior to arc interruption. For all prac¬ 
tical purposes as far as effects on the system 
are concerned, the fault is removed as soon 
as the resistor enters the circuit. From the 
standpoint of the breaker, the resistor re¬ 
duces internal energy in spite of the resistor 
current. The delay of two cycles or so in 
clearing this residual current is of no prac¬ 
tical importance. 

Evans and Witzke have pointed out the 
results of a similar analysis which includes 
the effect of interrupting the residual resistor 
current. While this analysis leads to their 
conclusion that there is an optimum value of 
resistance to be used for their purpose, actu¬ 
ally thermal and space limitations would, 
from a practical standpoint, generally 
eliminate the lower values of resistances be¬ 
fore the increase in overvoltages due to the 
small resistance came into effect. Including 
the effects of these factors, it appears that 
the over-all optimum value, from a safe 
operating standpoint, is substantially greater 
than the value obtained by considering 
overvoltages alone. 

Mr. Skeats has pointed out that there is a 
need for analyzing carefully the results of 
field tests so as to arrive at a better under¬ 
standing of switching surge phenomena, and 
so as to be in a better position to carry on 
and interpret results of miniature-system 
studies. This is a very good point, and the 
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authors agree wholeheartedly with this 
philosophy. 

Mr. Strang has pointed out that these 
resistors are not necessarily required in 
hundreds of installations where high-voltage 
breakers are operating regularly today. 
This is certainly true. Switching over¬ 
voltages are affected by many interrelated 
factors. High-impedance grounded systems 
are generally more susceptible to the genera¬ 
tion of high-voltage switching surges than 
solidly grounded systems. Although in 
many cases some benefit might be obtained 
from the use of resistors on solidly grounded 
systems, particularly where single-circuit 
long high-voltage lines are to be switched, 
the need for them would not be so great as 
it would be for similar systems operating 
with high-impedance grounding or with 
neutrals isolated. 

Schroeder and Rietz have shown oscillo¬ 
grams which enable one to visualize more 
clearly the true nature of switching surges 
involving traveling waves on long transmis¬ 
sion lines under specific terminal conditions. 
The summary of results obtained in switch¬ 
ing capacitors is interesting and indicates 
that resistors are helpful in limiting over¬ 
voltages for this condition as mentioned in 
connection with Figure 1 of the paper. Thus 
the use of shunt resistors in breakers makes it 
possible to switch more capacitive kilovolt¬ 
amperes at one time than otherwise might 
be desirable from the standpoint of possible 
switching overvoltages. Many applications 
of this principle are being put to use today 
and are playing their part in conserving 
critical war materials. In numerous places 
one breaker with resistors is doing the job 
required of two without resistors 
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R. D. Evans (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The power-system quantities measur¬ 
able at a relay location for determining relay 
operating characteristics are difficult to 
classify and present in a systematic manner. 
Many methods may be used for this purpose* 
such as voltage and current quantities, or 
their products as power quantities, or their 
ratios as impedances or admittances. The 
quantities may be expressed in terms of cir¬ 
cuit constants and synchronous machine 
electromotive forces in magnitude and phase 
position, which .would be a fundamental 
approach but which, unfortunately, is 
unduly complex. The authors have selected 
the near-end impedance of the network, 
including the long-line branch, and the 
ratio of near- and far-end bus voltages and 
their displacement angle. This basis is not 
only generally suitable but also is in a form 
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which the power engineer can define readily 
from his knowledge of the A B CD constants 
of the circuit and its power-circle and power- 
angle diagrams. 

The usual method for presenting operating 
characteristics of relays is in terms of volt¬ 
age and current quantities; this will con¬ 
tinue to be used in designing and testing 
relays. The method used by the authors 
has the merit of a different approach which 
clarifies some problems and facilitates under¬ 
standing by some engineers. In addition, 
this method has the advantage of making 
available the solution of problems which had 
been worked out in related fields in con¬ 
nection with A BCD constants and circle 
diagrams. 

In the derivation of the impedance dia¬ 
gram from the admittance form, the authors 
make use of the geometric inversion of cir¬ 
cular loci. This method, well-known to 
geometers, is little known and still less used 
by electrical engineers. While this principle 
has limited application in electrical engi¬ 
neering, it is likely that there will be other 
instances of its usefulness. 


D. M. MacGregor (Ebasco vServices, Inc., 
New York, N. Y.): This discussion de¬ 
scribes a relatively simple graphical method, 
which may be used instead of that given in 
Appendix V of the paper, for locating the 



LINE OF CENTERS 
OF IMPEDANCE 
CIRCLES ^ 


ZERO ANGLE 
REFERENCE 


5 rs =35 < 


IMPEDANCE CIRCLE! 
FOR VOLTAGE RATIO > 
EQUAL TO "R" J 



Figure 1. Graphical method of locating 
points on impedance circle diagrams corre¬ 
sponding to various values of the angle 8 rs 

8 r s points on the impedance-circle diagrams. 
This method is based upon the equation: 

0 = conjugate of 

tan -1 jL sin ( A ~P) + R sin 

D cos (A-13) - R sin (8 rs - f-/3) 

All symbols are the same as in the 
original paper except that the letter R has 
been used to indicate the ratio of the re¬ 
ceiving-end voltage E r to the sending-end 
voltage E s . 

. lt ma -y be shown that the preceding equa¬ 
tion represents a circle with a radius R 
and its center on the line of centers of the 
impedance circles at a distance D from the 
origin. 

The method of using this expression to 
locate the values of the angle 8 TS on the 
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impedance circles is illustrated in Figme l 
of this discussion: 

1. Lay off the distance D to any convenient scale 
on the line of centers of the impedance circles and 
on the -f -jX side of the resistance axis. 

2. Using this point as a center, draw a circle hav 
ing radius equal to R and to the same scale as for 
the distance D. 

3. Draw a zero-angle reference line as shown 
This line corresponds to 5 rs = 0 and is located at the 
angle A degrees counterclockwise from the line of 
centers. 

4. Measure off the desired values of 8 ra on the circle 
m a counterclockwise direction from the zero-angle 
reference line. 

The intersection of a line through any 
one of the above points and the origin of the 
impedance diagram with the impedance 
circle of the corresponding voltage ratio R 
represents the impedance value for that par¬ 
ticular value of 5 rs . 

In actual practice, it is unnecessary to 
draw the construction lines on the impedance 
diagram, as it may be done equally well oil 
a piece of transparent paper placed over the 
diagram. The final points of intersection 
may be transferred to the impedance dia¬ 
gram by pricking through the construction 
sheet with a compass point. 


E. L. Harder (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This paper is valuable in stressing the 
utility of phase angle between current and 
voltage in fault detection. While some use 
has been made of angle in distinguishing be¬ 
tween loads and faults in the same direction 
on a line, 1 ' 2 the angle quantity has not come 
into general use, perhaps because there has 
not been a general need. Individual cases 
have undoubtedly appeared where the 
abseuce of general knowledge of the phase- 
angle characteristics of loads, swings, and 
faults has prevented exploiting to the full 
this possibility. The present paper will help 
materially to supply this deficiency. 

Some of the past uses of angle may be of 
interest. On the Pennsylvania Railroad 1 
trolleys of the electrified zone, the need 
arose for differentiating between a 3,500- 
ampere load which might occur with loco¬ 
motives at the near end of a trolley and a 
2,000-ampere fault which might occur at 
the remote end. As the trolley impedance 
was 15 times the source impedance, the 
source (substation) voltage dropped but 
little for the remote fault, and thus the im¬ 
pedances seen by the relay were almost in¬ 
verse to the currents. The impedance ele¬ 
ment which was used in this case balanced 
E' 1 against El cos (0+0), which is the same 
as E against I cos (0+0). 0 is the power- 

factor angle and 0 the relay-adjustment 
angle that determines the maximum torque 
position. This element was adjusted for 
maximum torque with current, lagging volt¬ 
age by the angle that occurs during fault, 
or greater. Thus loads could be carried of 
lower impedance (higher current) than the 
relay setting for faults, if they occurred at 
a higher power factor. 

Another case is the relaying for the long 
line used to supply construction power for 
Fort Peck Dam. 2 In this case advantage 
was taken of the ability to adjust the high¬ 
speed impedance element to trip for nearly 
twice the impedance (half the current) at 
fault phase angle that would be required to 
trip at possible load phase angles. The line 
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A BCD constants were used in developing 
the possible angles of load and fault currents, 
and the impedance relay setting was based 
on the equivalent impedance, B/D. 

The use of impedance circles by the 
authors of the present paper provides a 
unique method of arriving at the relay 
settings and checking the available margins. 
For purposes of visualizing the phenomenon, 
however, the current locus has considerable 
advantage because of the more general famil¬ 
iarity with this method. For a long line the 
bus voltage is so nearly the same for loads 
and remote faults that the refinement of 
taking it into account is needed only for 
exact settings rather than for visualization 
or determination of the type of relay re¬ 
quired. 

Assume a long line of 60-degree angle be¬ 
tween the ends. The triangle formed by 
sending and receiving voltages and the 
line drop is then equilateral, as shown by the 
heavy lines, Figure 2 of this discussion. If 
a fault occurs at the R end, the magnitude 
of the line drop does not change; it simply 
changes 60 degrees to position 2 Full load 
in the reverse direction results in a further 
change of 60 degrees to position 3. The cur¬ 
rent, I L , over the line must always be the 
same angle behind the line drop and pro¬ 
portional to it in magnitude. Thus the 
currents, I L , for the three conditions are 
60 degrees apart as shown at 1, 2, and 3 
A constant current, I c , must be added to get 
the relay current I, resulting in somewhat 
over 60 degrees between load and fault cur¬ 
rents at the relay. This shows the need of 
relaying elements having a trip character¬ 
istic somewhat as shown shaded to segregate 
loads and swings from faults. 

It is apparent that moderate changes in 
the magnitude of E R or E s can only slightly 
change the position of the line drop and 
hence of the current. Thus, if the current is 


large, it must be about in the position shown. 
If small, it is not sufficient to operate the 
fault-detector element. 

This treatment lacks the precision re¬ 
quired for actual settings, which the method 
of the paper admirably provides. It is of¬ 
fered as an assistance in visualizing “what 
goes on”, rather than as an alternate 
method of calculations, although, if used 
with' judgment, it is frequently adequate for 



O—Origin of vectors 
F —Terminus of fault vector 
Shaded area—Terminus of load and swing 
vectors 


determining the required angular charac¬ 
teristics. 2 

For other line angles than 60 degrees, the 
current locus can be used to show the pos¬ 
sible positions of load currents. This plot 
is based on the conception of the current in 
the line as the superposition of two currents. 
One is produced by the sending voltage, 
(with the receiver short-circuited) and is 
labeled I LS in Figure 3. The other is pro¬ 
duced by the receiver voltage, E R (with the 
sender short-circuited) It is Ilr, and is 
opposite to I LS (using the same reference 
direction) if E R is equal to, and in phase 
with, E s . For other values of Es, Ilr 
terminates somewhere in the shaded area. 
As E r is moved ahead or behind E s , Ilr 
moves with it. If Er is increased or de¬ 
creased, I LR increases or decreases in pro¬ 
portion, thus describing the shaded area. 
The total current in the line is the sum, 
Il — Iis+Ilr, and is a vector from P to 
some point in the shaded area, depending 
on the magnitude and phase of E R . To it 
must be added a constant charging current 
Ic, 90 degrees ahead of Eg. to obtain the 
relay current, I. Thus relay-current vectors 
are from 0 to F for fault at the remote end 
and from 0 to points in the shaded area for 
loads and swings resulting in various angles 
between E s and E R and various magnitude 
ratios E S /E R . This illustrates that load 
and swing currents do not fall in the fault- 
current trip region and shows the angular 
margin very well, since the angle scale is 
uniform. 
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H. R. Summerhayes (General Electric Com¬ 
pany, Schenectady, N. Y.): In discussing 
the three papers, 43-37, "Performance Re¬ 
quirements for Unusually Long Transmis¬ 
sion Lines"; 43-38, "Protective Relaying 
for Long Transmission Lines"; and 43-39, 
"Staged-Fault Tests of Relaying and Sta¬ 
bility on Kansas-Nebraska 270-Mile 154-Kv 
Interconnection", I wish to point out that 
the magnitude of this achievement can be 
realized better by stepping back a few 
years to get a proper perspective and by 
comparing the design of relays to the educa¬ 
tion of children. 

We have come up a long flight of stairs 
in those years, stopping for breath at the 
landings, and then progressing again. 

Our old relays could feel amperes or volts 
and act accordingly. We had taught them 
to count, in seconds, not cycles. They would 
not always "co-operate," and we had not 
taught them to "supervise". Perhaps we 
could have taught our relays more if we had 
known more about stability, swing curves, 
and transient conditions, all of which had to 
await modern means of calculation and 
measurement. 

The authors have taught these new relays 
to see and to see so well that they can 
distinguish ohms from mhos and measure 
their size 270 miles away. They also per¬ 
ceive such things as phase angles, with the 
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aid of carrier current, and they count in 
cycles or split cycles instead of seconds. 

The relays have also been taught to co¬ 
operate with each other and to supervise, 
and the authors speak of the staged tests as 
determining the physical condition and the 
IQ of the relays—very similar to the tests 
made on children. 

It is evident from the diagrams that the 
relays have at least a working knowledge of 
trigonometry. 

I salute the relay engineers. 


were studied most exhaustively, over-all 
factory tests performed on the relays using 
an artificial line, and adequate low-voltage 
tests of the relay equipment made in the 
field, the authors had the judgment to insist 
on staged-fault tests. The unforeseen diffi¬ 
culties found and corrected during the 
staged tests are proof of the necessity of 
this final step in assuring over-all dependable 
performance. 


W. R. Brownlee (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The various authors of these papers are in¬ 
deed to be commended for their vision and 
imagination in connection with a co-ordi¬ 
nated scheme of protection and operation to 
make a 270-mile transmission connection of 
genuine. value, for their painstaking and 
exhaustive analysis in isolating the more 
difficult parts of the problem for study, and 
for their demonstration of sound engineering 
judgment in building around their studies 


and tests an over-all system of such proved 
worth. The results have made possible the 
supplying of badly needed power for war 
purposes in a relatively short time by the 
most satisfactory method. Many of the 
concepts utilized by the authors should also 
prove of material value in analyzing the pro¬ 
tection and operation of shorter existing 
lines, so as to make certain that, under 
critical conditions resulting from war, the 
protective equipment does not limit un¬ 
necessarily the usefulness of major invest¬ 
ments. Careful studies of maximum power 
ability versus the extent of relay backup 
protection are in order. 

The utilization of an automatic three- 
phase line-grounding switch to provide com¬ 
plete protection of the transformers without 
the use of high-voltage breakers is another 
example of major savings in cost and in 
critical material by the co-ordinated use of 
protection methods. By permitting faults 
to remain on a transformer some five cycles 
longer, a single-pole automatic grounding 
switch could be used which would reduce 
the shock to the sending end of the system. 
However, this is probably not important in 
this particular application, since the length 
of the line provides a relatively high cush¬ 
ioning impedance. 

Since carrier-current equipment is re¬ 
quired for the relaying of the transmission 
line, consideration was probably given to the 
use of a transferred tripping arrangement 
over this channel whenever differential re¬ 
lays operate, thus avoiding the need for 
other than manually operated three-pole 
grounding switches. I would like to ask the 
authors what considerations led to their 
decision not to use such transferred tripping. 

Since the United States was involved in 
this war, some have maintained that staged 
short-circuit tests should be abandoned for 
the duration, on account of the scarcity of 
materials for repairs or replacements of 
equipment which they conceive might be 
damaged by such tests. These same pro¬ 
ponents probably would not argue against 
high-potential tests on new cable installa¬ 
tions but rather would insist that the over- 
all reliability be demonstrated before the 
cable should be trusted as dependable ca- 
pacity. It is, therefore, vitally important 
that, even after all phases of the problem 


E. A. Childerhose (Jackson and Moreland, 
Boston, Mass.): Calculating relay require¬ 
ments, protective relaying design, and the 
staged-fault tests of relaying for the 
Kansas-Nebraska 270-mile 154-kv inter¬ 
connection described in papers 43-37, 43-38, 
and 43-39 are extremely interesting, as they 
substantiate the work done on the Fort 
Peck transmission line (Electric Journal , 
February 1935, “ Construction Power For 
The Fort Peck Dam”). These two lines 
are very similar, the Fort Peck line being 287 
miles long, fed by autotransformers and 
operated at 154 kv. The relaying problems 
presented by the earlier line were somewhat 
simpler,, because neither power interchange 
nor rapid reclosure was involved. On the 
other hand, it was operated closer to the 
steady stability limit. 

In both instances it was found expedient 
to utilize the differences in line power factors 
existing in normal and fault conditions and 
to use distance-type relays. Of special 
interest are the oscillograms obtained, as 
none were taken during the tests on the 
Fort Peck line. The authors of these papers 
are to be congratulated on the thoroughness 
of their investigation of the problems to be 
encountered before designing the relay sys¬ 
tem and the operating tests made to deter¬ 
mine its effectiveness. 

Apparently the same error was made as 
on the Fort Peck scheme when the over¬ 
current element of the ground relay was con¬ 
nected originally to the current transformer 
in the tertiary winding of the aulotrans- 
former.. The oscillograms show that the 
circulating currents in the tertiary winding 
were of shorter duration than those in the 
sending transformers of the Fort Peck line 
which lasted for several seconds. 

. During operation of this line it was several 
times de-energized by simultaneous ground- 
relay operation at each end. No satisfactory 
cause for these relay operations was ever 
found. Apparently it was transient in 
character, for the line could be reclosed 
immediately and would then operate in¬ 
definitely, without further relay operations. 

It would be. interesting to know whether 
similar experiences have been encountered 
on the Kansas-Nebraska line, whether oscil¬ 
lograms have been obtained for them, and 
whether the cause has been ascertained. 


F. C. Poage and C. A. Streifus: Mr. 
Harder s explanation of the change in the 
direction of the current vector resulting 
from reversal of power flow from position 1 
to position 3 in his Figure 2 omits the very 
interesting and significant fact that, upon 
reversal of power flow, the receiving-end 
voltage. E t moves counterclockwise from 
the position 60 degrees lagging through 0 to 
60 degrees leading with respect to the E s 
voltage, corresponding to equal power flow 
m the opposite direction. The current vec- 



Figure 4. Impedance characteristics of Rain¬ 
bow-Fort Peck relays computed and re¬ 
plotted from reference 1, Figure 2 


tor I simultaneously swings through almost 
240 degrees counterclockwise, having mini¬ 
mum value when the two terminal voltages 
coincide at no load and the current is only 
the line-charging current. 

It will be noted that at no time during 
this load change does the current vector 
point in the direction of the “fault-trip area.” 
The area swept over by the current vector 
during load changes through this range cor¬ 
responds to the impedance values in Figure 
11 of our paper lying on the circle E N /E K = 
1.0 between the successive values of 60, 30, 
0, 330, and 300 degrees. 

If the sending-end voltage E s is assumed 
to be constant, Mr. Harder's Figure 3 and 
our Figure 4 are identical, and his points 
0 and F are respectively O and O' in our 
sending-end power-circle diagram. His dis¬ 
cussion amplifies and supplements the part 
of our paper covering “Current Magnitude 
and Phase-Angle Bases for Relaying.” 

Both Mr. Harder and Mr. Childerhose 
have mentioned the special relays developed 
for the 287-mile Foi t Peck-Rainbow 161-kv 
line. . Figure 4 shows the approximate char¬ 
acteristics of the impedance and directional 
elements of those relays replotted on the 
same impedance co-ordinates as are used in 
Figures 9,11, and 12 in our paper. The ohm 
values are omitted from this figure, because 
we do not know the actual relay settings. 
However, it may be seen that if the tripping 
area is made large enough to safely over¬ 
reach the far end of the line and enclose 
all the area as designated by B on our 
Figure 12, it is also broad enough to enclose 
some of the no-trip areas D and G in which 
it is necessary to prevent tripping during 
power .swings or upon high-speed rcclosing 
on an interconnection. 

Since the Fort Peck line relaying was not 
required to meet these service conditions 
but was required to discriminate only be¬ 
tween steady-state load and short-circuit, 
the relays.used were well suited to the job. 
However, if this line were an interconnection 
between two systems or between a large 
generator and a system, it is quite probable 
that the relays could not meet the second of 
the six performance requirements for long- 
line relays as given in our paper. 

In concluding this discussion we would 
like to emphasize an idea which is implied 
throughout the paper: namely, in order 
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completely and correctly to correlate relay 
performance and system performance, both 
must be expressed in the same terms and 
plotted to the same co-ordinates. If we are 
to use relays which are responsive to current, 
or to volt-amperes and phase angle, the sys¬ 
tem performance needs to be expressed in 
terms of inphase and quadrature amperes or 
watts and vars. Similarly, if we are to use 
impedance-type relays which are responsive 
to ohms and angles, then the system per¬ 
formance also needs to be expressed in ohms 
and angles or in the equivalent rectangular 
co-ordinates of resistance and reactance. 
For transmission circuits the former need is 
met by current-circle diagrams and power- 
circle diagrams which have been standard 
tools of the power system engineer for many 
years. It was to meet the latter need 
brought about by use of the newer imped¬ 
ance-responsive relays and relay elements 
that the derivation, construction, and study 
of impedance circle diagrams was under¬ 
taken. 

Reference 

1. Construction Power for Fort Peck Dam, 
E. A. Childerhose. Electric Journal , volume 32, 
February 1035, page 47. 

Staged Fault Tests of 
Relaying and Stability on 
Kansas—Nebraska 270- 
Mile 154-Kv Inter¬ 
connection 


Discussion and authors' closure of paper 43-39 
by C. W. Minard, R. B. Gow, W. A. Wolfe, 
and E. A. Swanson, presented at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943, and published in AIEE 
TRANSACTIONS, volume 62, 1943, pages 
358-67. 


John G. Holm (Stone and Webster Engi¬ 
neering Corporation, Boston, Mass.): The 
authors should be complimented on the 
interesting field tests they undertook with 
staged faults on a long transmission line. 
The effect of line faults on the stability limit 
of the line and their correlation with data 
obtained on the network analyzer is of par¬ 
ticular interest. 

The authors had an unusual opportunity 
in having at their disposal a 270-mile single- 
circuit line equipped with reclosing circuit 
breakers and operating at a voltage which is 
rather low in comparison with the line 
length. It seems to me therefore quite de¬ 
sirable that some additional data be pub¬ 
lished, in order to make the stability part of 
the paper more complete and thus permit its 
results to be coordinated with data pre¬ 
viously published. 

Insofar as the steady-state-stability limit 
of the Kansas-Nebraska line is concerned, 
I was able to check it with some of my own 
data obtained on the a-c network analyzer, 1 
and I am glad to state that the authors’ 
results and mine are in complete accord. 

I was unable, however, to check or to 
recalculate the transient-stability limits 


given by the authors. The reason is that 
the authors gave no data on the setting up 
of their system on the network analyzer. 
It would be interesting to know how the 
power stations at the system ends were rep¬ 
resented on it. Were the synchronous con¬ 
densers ai the system ends represented? 
was there a load at either or both ends of 
the system? Were the generators of normal 
design? What were their transient reactance, 
short-circuit ratio, and intertia? What 
damoer windings did they have? It seems to 
me that, with these data on hand, a clearer 
meaning could be found of the transient- 
stability limits of the line studied. 

It appears from Figure 14 of the paper 
thae the field tests and the tests made on 
the network analyzer were made at different 
total breaker reclosing times. Had the two 
types of tests been made at identical breaker 
operating conditions, a check could be 
made between the two methods of investi¬ 
gation, as well as an assurance that the slope 
of the curve of Figure 14 is correct. This 
would be a point against the statement some¬ 
times made by engineers to the effect that 
field stability tests and network-analyzer 
measurements do not coincide. 

From the data given in Table I of the 
paper it may be seen that the clearing of the 
same type of fault at either end of the two- 
directional power-flow line, at the same 
total reclosing time in both cases, results in 
practically identical transient-stability 
limits. This reversibility—insofar as the 
transient-stability limit is concerned—is 
worth emphasizing, although it has been 
obtained in one case only. 

It may be a long time before engineers 
will have the unique occasion of having at 
their disposal the interesting type of line 
the authors studied. I think, therefore, 
that it would be very valuable to have at 
this time the additional information dis¬ 
cussed here. 

Reference 
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A. E. Frey (Pacific Power and Light Com¬ 
pany, Yakima, Wash.): The paper by 
Minard, Gow, Wolfe, and Swanson empha¬ 
sizes the fact that it is possible with proper 
relay and control equipment to secure satis¬ 
factory operation under exacting conditions. 
It appears from the data presented that the 
new long-line relays, in conjunction with 
carrier-current-control equipment, have 
largely overcome the limitations which were 
apparent a few years ago on similar installa¬ 
tions. Undoubtedly, the use of carrier- 
current-controlled relaying will come into 
wider use in the future, since with such a 
protective setup proper relaying can be 
secured for almost any operating condition. 
Up to the present time the application of 
carrier-current-controlled relaying has been 
primarily a question of investment and 
maintenance against benefits to be derived. 
This factor has been a more or less arbitrary 
figure, which unquestionably has been re¬ 
sponsible more than anything else in the 
rejection of such protective equipment. 
Recently, certain other factors have come 
to the attention of the operating personnel 
which will probably make the application of 
such equipment mandatory, regardless of the 


investment or maintenance costs. Of course, 
an added incentive for carrier-current-con¬ 
trolled relaying exists if part of the carrier- 
current equipment can be utilized for corn- 
municaiion purposes. We presume that t le 
Kansas-Nebraska interconnection utilizes 
this dual possibility. 

Present war conditions have made the 
pooling of power resources a vital necessity, 
and in many instances additional tie lines 
and transmission lines had to be provided. 
We feel that such lines should be provided 
with the most suitable equipment, since the 
benefits derived are to the mutual advantage 
of all concerned. We in the Northwest have 
had a power-pooling arrangement for some 
lime, 1 and the proper relaying on such inter¬ 
connected systems has always presented a 
peculiar problem. Also during recent years 
government-sponsored power systems have 
come into existence which to a certain extent 
parallel the privately owned systems. Here 
again, the relaying of the interconnections 
have presented problems, principally re¬ 
sulting from the fact that the older systems 
had to change their relaying methods to con¬ 
form to the new high-speed requirements. 
Another point which lias complicated the 
protective-relaying applications is the fact 
that some of the recently erected tie lines 
had to be put into operation immediately 
after the lines were completed which, of 
course, made it impossible to secure any of 
the data which could be obtained under 
staged-fault conditions. In several in¬ 
stances lines had to be put in service with 
temporary relay equipment, and subsequent 
analyzer studies indicated that comprehen¬ 
sive protection for some of these lines would 
call for similar equipment as is mentioned 
in the paper. 

The value of the staged tests described in 
the paper is quite apparent. It is evident, 
for instance, that sucli items as relay con¬ 
tact trouble probably would have resulted 
in faulty operation if this condition had 
not been detected during the staged tests. 
There still exists some apprehension in some 
quarters concerning staged tests on power 
systems. We believe that a very convincing 
answer to this is contained in the paper 
which shows that the system disturbances 
were negligible and that apparently no 
damage to equipment resulted. Naturally, 
the expense involved in such tests varies 
with the scope of the investigation, and 
here gain that intangible factor of cost versus 
benefits derived enters into the matter. 

The resultant action of the relay and con¬ 
trol equipment during fault conditions is 
shown clearly on the charts under Figure 9 
of the paper. It is interesting to note in 
this connection that the flow of mega vars 
was unidirectional during all tests. While 
the authors state that the agreement be¬ 
tween the analyzer studies and the fiekl-test 
data, with respect to the transient-stability 
limits, was reasonably good, we find by 
examining Figure 14 that for 21-cycle clear¬ 
ing time the theoretical studies predicted a 
limit of 46-24 megawatts, whereas the test 
values at 24y r cyclc clearing-time gave only 
30 megawatts. Also the data in Table I 
show that for a fault in Nebraska the Kansas 
relays energize the oil-circuit-breaker trip 
circuit in 1-2 cycles, whereas on the other 
hand for a fault in Kansas the Nebraska re¬ 
lays operate in 3-3y 2 cycles. Since the re¬ 
lay terminal equipment appears to be 
identical, we are somewhat interested in this 
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dissimilarity. While the paper does not 
specifically mention this point, we assume 
that the reclosing relays operate on the 
three-reclosure principle before locking out. 

Reference 

1. Co-ordination of Operation in the North¬ 
west, L. B. Cowgill. Electrical West, April 1942. 


C. N. Hawley (Nebraska Power Company, 
Omaha, Nebr.) and H. E. Margrave (Kansas 
Gas and Electric Company, Wichita, Kans.): 
Since the actual operation of long Hies is a 
comparatively recent contribution to the art 
of electric-power transmission, the authors 
have presented a timely and practical paper. 

The comprehensive manner in which the 
staged-fault tests were made is indeed ap¬ 
preciated by those who are directly con¬ 
cerned with the operating behavior of the 
systems involved. With such testing com¬ 
pleted before normal operation was started, 
(he usual period of expectancy for some un¬ 
foreseen condition to appear was brief. A 
confidence was developed quickly that 
operating results would be as planned. 
The interconnection has been in service for 
approximately six months now with regular 
schedules of power transfer, and, although 
only one tripout due to line fault has oc¬ 
curred, we have no reason to feel that pro¬ 
tective relaying or other equipment will not 
function properly when required. 

The automatic-reclosing features of the 
terminal breakeis are controlled by opera¬ 
tion selector switches. These selectors may 
be set to operate for any one of the following 
movements: 

1. Manual or nonautomatic. 

2. One initial reclosure in zero seconds (approxi¬ 
mately 21 cycles) and one subsequent reclosure as 
predetermined by timer setting. 

3. Automatic synchronizing only, no other re¬ 
closures. 

4. Reclosures on de-energized line at intervals as 
predetermined by timer or automatic synchronizing 
on energized line as the case may require. 

Initial teclosure in zero seconds (21 cycles) 
is also provided in this setting. 

The normal setting now in use of selectors 
at both terminals is that described in item 4. 
Timers are set for subsequent reclosures 
with staggered timing in order to maintain 
right of way as to line trials or autosyn¬ 
chronizing as the case may be. 

When line trips out, both terminal break¬ 
ers close in 21 cycles or before systems fall 
too far out of synchronism. If this trial 
fails, terminal 1 tries line, and, if line 
holds, terminal 2 automatically synchro¬ 
nizes; however, if line does not hold, then 
terminal 2 in its turn, as determined by timer 
for de-energized line, tries line. If it holds, 
terminal 1 then takes over with autosyn¬ 
chronizer. In other words, the timers are 
in control when line is de-energized, and 
autosynchronizers when line is energized. 
With this setup, one attempt is made at 
initial reclosing before systems fall out of 
step, and two reclosures are made, one from 
each^ terminal, before lockout condition is 
obtained. If lockout occurs, system dis¬ 
patchers take over, or, in case of communica¬ 
tion failure, emergency instructions are pro¬ 
vided so that terminal operators may pro¬ 
ceed according to conditions as indicated. 


Fifteen thousand kilovolt-amperes in 
shunt reactors consisting of three 5,000-kva 
units are provided at each terminal and are 
likewise controlled automatically as a 
normal condition. Over- and undervoltage 
relays are employed to bring reactors on, 
in case voltage becomes too high, or to 
bring them on, if line becomes de-energized. 
Predetermined time delay is provided in 
both cases. Regardless of whether reactors 
are in on or off position as may be normally 
required to control system voltage and re¬ 
active properly, they are set for auto¬ 
operation as previously mentioned. 

To date, several faults have occurred on 
the systems immediately adjacent to the 
interconnection, with results that special 
relays properly observed condition and pre¬ 
vented tripping of line. 


H. R. Summerhayes: For discussion, see 
page 423. 


W. R. Brownlee: For discussion, see page 
424. 


E, A. Childerhose: For discussion, see page 
424. 


C. W. Minard, W. A. Wolfe, and C. A. 
Streifus: The authors and those associated 
with the design and testing of the relays are 
appreciative of the complimentary remarks 
by the several discussers of this paper and 
of the interest shown in this subject. 
Especially do we wish to thank H. R. 
Summerhayes for his contribution which 
humanizes a highly technical subject. 

We are unable to include here all the data 
requested by Mr. Holm. In the analyzer 
studies the systems at the ends of intercon¬ 
nection were set up in detail, including loads 
and other interconnecting systems, using 
conventional methods. Direct-axis tran¬ 
sient-reactance values were used to repre¬ 
sent internal impedances of machines. No 
account was taken of damper windings. Be¬ 
cause of the limited number of generator 
units available on the analyzer, synchronous 
condensers were not represented dynami¬ 
cally except in special cases. 

Because the network-analyzer studies 
were made for the purpose of determining 
the best of several alternate arrangements of 
equipment and circuits before the intercon¬ 
nection was designed and built, it was pos¬ 
sible to find, among all of the transient- 
stability studies made, only four which can 
be considered representative of the inter¬ 
connection as actually constructed. All of 
these are plotted on Figure 14 of the paper. 
The general slope of the boundary curve 
M-N was established from other studies 
made on a two-machine basis and confirmed 
by further analyzer studies made under dif¬ 
ferent operating and fault conditions. The 
curve theoretically should intersect the zero¬ 
time axis at the load representing steady- 
state stability and should coincide with the 
zero-load axis at extremely long switching 
times. Further refinement in locating this 
boundary line M- N is hardly warranted be¬ 
cause of the large number of combinations 


of load and generation affecting stability 
which are possible in actual operation on the 
interconnected systems. 

Some of the network-analyzer studies 
showed that the interconnection might have 
different transient-stability limits, depend¬ 
ing upon direction of power transfer in the 
interconnection. However, these particular 
studies were made under conditions which 
were not represented in the staged-fault 
tests. In the present systems and during 
the staged-fault tests the inertias of the two 
systems are nearly enough equal to give 
very little difference in performance as the 
result of reversal in power-flow direction. 

We believe that Mr. Frey has misinter¬ 
preted the data represented by the 46- and 
24-megawatt points ill Figure 14. These are 
loads at which specific tests were made. 
Under one of these conditions the systems 
were stable, and at the other they were un¬ 
stable. The curve M-N which represents 
the approximate boundary between stable 
and unstable conditions lies between these 
two values. The differences between trip¬ 
ping and reclosing times at the two ends of 
the circuit, noted in Table I, are due to 
operating characteristics of the breaker and 
relays as set at that time. Most of these 
differences have since been removed, by 
resetting the relays and readjusting the 
breakers. The communication feature of 
the carrier-relay sets is used only for testing 
purposes and in case of outage on the 
separate carrier-current communication 
channel. The automatic synchronizing and 
reclosing features mentioned by Mr. Frey 
are reviewed very completely in the discus¬ 
sion by Hawley and Margrave. 

The three-pole spring-operated grounding 
switch discussed by Mr. Brownlee is a part 
of the line air-break switch installed for 
safety reasons to permit short-circuit and 
ground protection during line work. The 
additional cost to add the trip-coil-actuatcd 
spring-closing mechanism was small com¬ 
pared with the cost of additional transfer 
trip equipment for the carrier-current chan¬ 
nel, and the simplicity of this scheme was 
decidedly in its favor. It is not dependent 
upon the operation of any remote apparatus 
or any communication channel. Also it was 
desirable to relieve the carrier-relay sys¬ 
tem of this function so that the channel 
might be used later in more essential services. 
Since the transformer differential relays 
which operate the ground switch also trip 
the main terminal breaker which in turn 
opens the near end of the line before the 
slower-acting ground swilch can close its 
contacts, there is no shock to the near sys¬ 
tem, and the effect on the far system is small 
as demonstrated in the two tests of Group 

I-/. 

Experience cited by Mr. Childerhose of 
the Fort Peck line tripping out during 
normal operation by ground relays has not 
been duplicated on the Kansas-Nebraska 
interconnection. As explained in the paper, 
circulating currents in the tertiaries were 
higher than anticipated with the intercon¬ 
nection energized from one end only, and 
for that reason ground-relay connections had 
to be changed. Oscillograph records of 
these ground currents were obtained, but 
since the difficulty which they caused has 
been eliminated, no further study of these 
has been made. 
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Protective Relaying for 
Long Transmission Lines 

Discussion and author’s closure of paper 43-38 
by A. R. van C. Warrington, presented at the 
AIEE national technical meeting. New York, 
N. y., January 25-29, 1943, and published 
in AIEE TRANSACTIONS, volume 62, 
1943, June section, pages 261-8. 


H. R. Summerhayes: For discussion, see 
page 423. 


W. R. Brownlee: For discussion, see page 
424. 


E. A. Childerhose: For discussion, see 
page 424. 


A. R. van C. Warrington: The question was 
raised as to whether this scheme of relaying 
could be applied to shorter lines. The 
scheme was developed to overcome the in¬ 
effectiveness of the standard impedance- 
type fault detectors on very long lines, but 
it can be applied to any line down to two 
ohms secondary-phase to neutral impedance 
(somewhere around 20 miles at 115 kv) with 
the present relays, though it would be pos¬ 
sible to modify the relay to cover shorter 
lines. 

During an out-of-step condition it is 
generally desired to separate the system 
only at a predetermined point, such as the 
electrical center. This can be arranged by 
giving the out-of-step ohm units a higher 
impedance setting at the breakers chosen. 
With equal settings the relays nearest the 
electrical center will trip first. Further¬ 
more, only one breaker trips (the one at the 
leading end) which facilitates reclosing and 
provides a distinction between out-of-step 
tripping and fault tripping. 

The out-of-step tripping feature can be 
used with ordinary high-speed relays for 
precision control of the line loading. The 
CE X ohm units can be connected in series 
with protective relays and set to trip when 
the power flowing through the line exceeds 
the stability limit. 

Field Disturbances Produced 
by Lightning 

Discussion and authors' closure of paper 43-46 
by G. D. McCann and D. E. Morgan, pre- 
s nted at the AIEE national technical meeting. 
New York, N. Y v January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
pages 345-57. 

E. A. Evans (General Electric Company, 
Pittsfield, Mass.): In Figure 2 of the paper 
several typical ground-gradient records ob¬ 
tained by Wilson 1 are shown. The con¬ 
cept of an exponential increase in the 
electrical field at the ground as a thunder¬ 
cloud becomes charged, followed by a 
sudden decrease in the field when a stroke 


Figure 1. Lightning striking in foothills of 
Colorado Rockies 

occurs, as shown in some of the illustrations, 
is familiar to most lightning-minded engi¬ 
neers. The fact that the field frequently 
increases in magnitude substantially at the 
instant of a discharge and then slowly de¬ 
creases over a period of seconds, as shown 
in Figure 2b, right chart, of the paper is not 
so familiar. 

I first experienced this type of field change 
several years ago while inspecting a United 
States Forest Service lookout on Elden 
Mountain near Flagstaff, Ariz. A thunder¬ 
storm passed near the lookout causing 
corona from the sheet-iron roof. It was 
surprising to find that on a number of occa¬ 
sions the sound of the corona did not in¬ 
crease suddenly and then as suddenly cease 
when a stroke occurred, followed by a 
gradual increase in strength as the cloud 
charged up again. Instead, it increased 
strongly at the instant of a stroke and 
gradually decreased in strength over a pe¬ 
riod of several seconds until another stroke 
occurred. The sequence was then repeated. 

Later that year during extensive ob¬ 
servations on lightning at Devils’ Head 
Lookout, Colo., the previously described 
sequence of field changes was indicated 
frequently by the sound of corona from the 
protective system, railings, and flag pole. 
Sound observations were confirmed by 
measurement of the discharge current from 
a fine wire. 

This type of field increase should be ex¬ 
pected not only for the condition of Figure 
2b right, of the paper, but also at the 
ground beneath or near any region of 
charge concentration which does not dis¬ 
charge when a stroke occurs from a nearby 
concentration of charge of opposite polarity. 
This condition can be expected fairly fre¬ 
quently, because there are usually several 
discharge centers 2 in one storm. Inspec¬ 
tion of a thunderstorm from a distance will 
usually show several violent convection 
systems. Each of these should have at 
least the minimum number of regions of 
positive and negative charge concentra¬ 
tions shown in the idealized illustrations of 
the paper. 

These sudden increases in field near cen¬ 
ters of charge can set off discharges 2 from 
one or more of the centers. On numerous 
occasions in Colorado, Idaho, and Massa¬ 
chusetts, such discharges have been seen to 
occur nearly simultaneously from two or 
more centers at once. The chance that the 
charge in each center built up to a value 


necessary to start independently a stroke 
at the same instant is fairly remote. 

As the authors indicate, cloud height has 
been considered a factor in determining the 
relative proportion of cloud-to-cloud and 
cloud-to-ground discharges. In a report on 
the observations at Devils’ Head, I stated, 
“When a majority of discharges were cloud 
to cloud, the charge frequently appeared 
to be concentrated considerably higher 
within the cloud than was indicated in 
storms in which the discharges were pre¬ 
dominately cloud to ground.” 

Observations have also indicated that, 
in many storms in which cloud-to-cloud 
discharges predominated, charge concen¬ 
trations of opposite polarity occurred fairly 
close together. The distance between them 
depends on the characteristics of the con¬ 
vection system or systems causing the 
charge separations. These characteristics 
may vary over wide limits from storm to 
storm and at different periods in the life 
of the same storm. It appears probable 
that the proximity of charge concentrations 
of opposite sign within the cloud is a more 
frequent cause of cloud-to-cloud discharges 
than the favorable distance relationships 
brought about by increases in the height of 
the cloud base above the ground. 

Concerning the distance from the ground 
terminal of a stroke at which substantial 
field changes can occur, evidence on this was 
obtained on the occasion previously men¬ 
tioned from corona demonstrations and 
from photographs. On a number of occa¬ 
sions, strokes up to four miles from the 
lookout caused audible corona demonstra¬ 
tions. Since the elevation at Devils’ Head 
is 9,348 feet, the gradient necessary to cause 
corona is only approximately 75 per cent of 
that at sea level. Based on the strong 
corona demonstrations there, however, it 
appears probable that corona discharges of 
somewhat lower magnitude may occur even 
at sea level for considerable distances from 
the ground terminal of the stroke. On one 
occasion, a stroke to ground occurred ap¬ 
proximately one-half mile from the light¬ 
ning observatory at Pittsfield (elevation 
about 1,100 feet) as I was climbing up to it. 
Sharp corona was heard. Normally, the 
noise of lightning-recording equipment 
would prevent corona being heard within 
the observatory. 

That substantial field changes can occur 
at large distances from the ground terminal 
of some strokes is evident from Figure 1. 
The visible length of the discharge channel 
along the cloud base was between 2.5 and 
3.5 miles. The height of the cloud base 
above ground was 5.600 feet plus or minus 
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Figure 2. Lightning stroke from the upper 
regions of a thundercloud to ground 


References 

1. Investigations on Lightning Discharges 


centers versus proportion of strokes to 
ground, and cloud height versus distance 
between charge centers. However, for 
statistical studies, distance between charge 
centers cannot be measured readily, and 
this leaves only the relation between cloud 
height and proportion of strokes to ground 
which can be actually related. 

Mr. Evans states that his picture of a 
stroke from the top of a cloud to ground is 
the only one of which he is aware. Figure 
3 shows a discharge of this tj'pe photo¬ 
graphed by D. D. Clark of Kansas City. 
This was taken with a 16-millimeter motion- 
picture camera with the shutter and claw 
removed. The lightning stroke then con¬ 
stitutes its own shutter, and the uniform 
motion of the film imparts the time element. 
Because of the type of recording camera, the 
film is small, and the cloud definition is not 
clear. However, Mr. Clark based his 
statement that this was a stroke from the 
top of the cloud to ground on simultaneous 
visual observation as well as on the photo¬ 
graph as does Mr. Evans. It is interesting 
that this is a multiple-component stroke in 
which all the components follow either one 
or both of the two streamers extending from 
the cloud top, thus indicating that they are 
all of positive polarity. This is a current 
condition that is not known to have ever 
been recorded. However, the first coin- 


600 feet. (It was possible to determine 
the height of the cloud base more accurately 
than the length of the discharge along it, 
because the latter was not exactly at right 
angles to the line of sight of the camera.) 
It is very probable that substantial changes 
occurred in the electrical field at the ground 
beneath this stroke for distances somewhat 
greater than the length of the discharge 
channel. Figure 1 represents one com¬ 
plete discharge, which was probably mul¬ 
tiple. Film was changed immediately be¬ 
fore and after the discharge. Other photo¬ 
graphs were obtained in Colorado and Idaho 
showing discharges along the cloud base 
which were of the same order of length. 

In discussing the polarities of discharges, 
the authors mention the possibility' of 
strokes from the upper positively charged 
regions of thunderclouds to earth In 
Figure 2 is shown such a discharge which was 
obtained at Pittsfield, Mass. At the time 
a very large storm cloud was passing ap¬ 
proximately 20 miles north of Pittsfield 
while a smaller cloud from which no dis¬ 
charges were seen was passing about seven 
miles north of the city. When this picture 
was obtained, a time exposure was being 
made to record some small discharges visible 
near the top of the larger cloud. Suddenly 
the stroke shown occurred from the upper 

the d ° Ud t0 ^ ound ‘ To those 
Who did not see the stroke, some doubt 
may arise as to its having gone to ground, 

beht U r t a ,, P0rtl0n 0f the stroke was hidden 
d,WH f d0Ud - 1 was looking 

ireetly at the stroke and am absolutely 
certain that, with the exception of minor 
discharges within the cloud which illumi¬ 
nated it several times before the cloud-to- 
ground stroke, the entire discharge shown 
was o ne stroke and went to ground. TWs 
4,5 T onIy picture of such a discharge of 
of eh 1 a “ aware - If °ur present concept 

cLectThi ^ h Uti0n kl thunderclouds is 
orrect, this stroke was positive. 


C. T. R. Wilson. Royal Society of London (Eng¬ 
land), Philosophical 1 ransactions, volume 4221 

1921, pages 73-115. 

2. A Study of the Mechanism of the Light- 
ning Discharge, E. A. Evans. Stanford University 
pa^ g”’ j^ th series > number 158, July 31, 1933 , 


G * D. McCann and D. E. Morgan: It is en 
couraging to hear from E. A. Evans of hi; 
experiences with the various types of fielc 
changes reported in our paper, particular^ 
the type consisting of an increase in magni¬ 
tude, substantially at the instant of the dis¬ 
charge, and a subsequent slow decrease ovei 
a period of seconds. There is little doubt 
that this type of a field change may result 
from many conditions which arise in actual 
thunderclouds. As Mr. Evans points out 
contrary to the ideal assumption, there are 
usually many charge generation centers. Of 
this type of field change one general con¬ 
cision may be drawn; the field change is 
always opposite in sign to the discharge 
which produces it. 

It is obviously true that both cloud height 
and the distance between charge centers are 
factors regulating the proportion of strokes 
to ground and strokes between cloud-charge 
centers Probably relations could be ob¬ 
tained between all three of these variables; 
that is, cloud height versus proportion of 
strokes to ground, distance between cnarge 
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Figure 3 


ponent shows an additional horizontal 
streamer tapping charge from the lower 
portion of the cloud which may be of either 
polarity. 


Generation of Electric 
Charges by Moving 
Rubber-Tired Vehicles 


Discussion and authors’ closure of paper 43-50 
by S. S. Mackeown and Victor Wouk, pre- 
sentedatthe AIEE national technical meeting, 
New York, N. Y., January 25 - 29 , 1943 , and 
published in AIEE TRANSACTIONS, vol¬ 
ume 62 , 1943 , May section, pages 207 - 10 . 


Ernst Weber (Polytechnic Institute of 
Brooklyn, Brooklyn, N. Y.): It is not 
quite clear why the authors should consider 
that the potential difference created be¬ 
tween car body and road pavement when 
the car is in motion should be entirely due to 
conduction current flowing through the re¬ 
sistance of the tires. The fact is that a 
potential difference must be created first 
before a conduction current can appear any¬ 
where.. In the rubber-tired vehicle this 
potential difference can be created only by 
redistribution of electric charges, and, since 
any known insulator has a finite though small 
conductivity, a certain ‘insulation" current 
will try to neutralize the potential difference 
which, however, is maintained by the con¬ 
tinued friction of the tires. 

The equivalent circuit of the car in motion 
as given by the authors in their Figure 5, is 
not complete; the complete simple equivalent 
circuit of a car moving on a highway must be 
as shown in Figure 1 of this discussion. The 
current I is the frictionally created convec¬ 
tion current on the rear rubber tires on which 
the driving torque is exerted and where, 
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Figure 1 


therefore, the maximum friction occurs in 
driving. If the notation of the authors is 
used, R g denotes the surface resistance of 
two tires in parallel to ground and R w the 
resistance of two tires in parallel to the 
wheels. C w is the partial capacitance be¬ 
tween two rubber tires and the wheels and 
car body, across which the electrostatic 
induction of potential takes place. C is 
finally the capacitance of the car body to 
ground (road pavement). 

Now, the authors find currents I w of dif¬ 
ferent values under different conditions, 
which is as one would expect. But in order 
to judge the voltage that might be created 
-between car body and pavement, it would 
be necessary, in the interest of safety, to 
consider the maximum values actually 
found. In this respect, certain inconsis¬ 
tencies occur which need explanation: 

1. Assuming arbitrarily an injected current of 
I = 8 X 10 ampere, the authors obtain a value of 
(i?u)+-Kcr) = 1,325 megohms from their curve, Fig¬ 
ure 4, taken on the dynamometer stand. On the 
other hand, in their conclusion they quote a value of 
insulation resistance for vehicles with four tires in 
parallel, of 3X10 9 ohms, so that one must conclude 

+ =G,000 megohms for only two tires in 

parallel. With the measured current Iw~ 
1.74X 10 -a ampere at 40 miles per hour from Figure 
4, this leads to a voltage 

(R w -\-R g )I w = 10,440 volts 

as at least a possible if not a better value than 3,000 
volts assumed by the authors. In fact, this is ex¬ 
actly the same value that R. Beach 1 found by direct 
measurement of voltage for normal inflation of the 
tires, as shown in his Figure 4, 

2. Since in Figure 2 the authors plot current values 
which, by their own admission, are almost twice as 
large as the ones obtained in Figure 4, a further 
correction should be made, bringing the maximum 
possible voltage at 40 miles per hour car speed to 
10,440X3.3/1.74 = 19,800 volts. 

3. A certain amount of frictional charge must also 
be produced by the front tires, which will superim¬ 
pose an additional current I' through the front wheel 
resistance R 0I thus increasing the potential difference 
to ground by a value of I'R 0 . One might argue 
that part of the current might flow back over the 
path of Iw and reduce the potential difference, but, 
since Iw as measured already includes that effect, 
this would not be a serious argument. 

4. Still larger values of current I w were measured 
on the road as given in Table I of the paper, if one 
were to use Figure 2 and from there to extrapolate 
to 40 miles per hour car speed. 

5. It follows, then, that the computations con¬ 
cerning minimum sparking potential and ignition of 
combustible mixtures are wholly inadequate. 

Reference 

1. Static Electricity on Rubber-Tired 
Vehicles, Robin Beach, Electrical Engineering, 
volume 60, May 1941, pages 202-08. 


Robin Beach (Polytechnic Institute of 
Brooklyn, Brooklyn, N. Y.): The approach 
to this subject of electrification of moving 
rubber-tired vehicles by the method of 


measuring the currents resulting from the 
voltages that are generated at the tire 
treads is unique and interesting, and the 
authors are to be congratulated for their 
contribution to this field of science. 

Because of the high-voltage electrification 
of moving rubber-tired vehicles, they have 
long been considered potential sources of 
hazards to safety. What hazards there are 
would presumably fall under two general 
classifications: 

1. Shocks to people. 

2. Destruction of property. 

The latter would result from fires and ex¬ 
plosions caused by the ignition of inflam¬ 
mable mixtures of air with gases or vapors. 
If these potential hazards to life and prop¬ 
erty were not present, obviously there would 
be no problem. Clearly the fundamental 
factors which influence the degree of haz¬ 
ards created by an electrified vehicle are: 

1. The magnitude of the potential of the car body 
above ground. 

2. The capacitance of the car body with respect to 
ground, since this together with the voltage deter¬ 
mines the quantity of the stored electric charge. 

3. The duration of the electrification on the vehicle 
after it comes to a stop. 

4. The properties of jump-spark discharges evalu¬ 
ated in terms of threshold energy and voltage to 
cause the ignition of inflammable products. 

The paper under discussion attempts to 
prove, by the analysis of an assumed equiva¬ 
lent circuit diagram that 

1. Voltages higher than 3.000 or 4,000 volts can¬ 
not be generated on car bodies. 

2. Electrification cannot remain on a car body 
more than a few seconds after the vehicle comes to a 
stop. 

3. Inflammable products, such as combustible 
mixtures of air and vapors, cannot be ignited by 
the sparks from a charged vehicle. 

4. The voltage of the car body to ground is prac¬ 
tically eliminated by the use of so-called conductive- 
rubber tires. 

Let us consider in sequence each of these 
four claims. 

1. From innumerable voltage tests, 
taken both on the highway and on chassis 
dynamometers, with approximately 200 
vehicles, including pleasure cars of various 
sizes, types, and weights, panel-body trucks, 
and dump trucks, largely from the auto¬ 
motive fleet of the Brooklyn Edison Com¬ 
pany, the writer has commonly measured 
voltages of the order of 10,000 to 15,000 
volts from car body to ground. On one 
road test a value of 20,000 volts was 
measured on a lightweight pleasure vehicle 
operating on an asphalt highway at about 
45 miles per hour. 

Little difference in voltage readings was 
discovered, whether the vehicles were oper¬ 
ated on dynamometers or on the roadways. 
In the latter tests, one terminal of the elec¬ 
trostatic voltmeter was connected perma¬ 
nently to the car body, while the other ter¬ 
minal, insulated from the car body, was 
grounded by being connected to a chain 
which was dragged in car tracks. In other 
instances, while the same vehicle was 
being used on the same highways during 
the same periods of test, the chain was 
dragged on the roadway surface rather 
than in car tracks. In fact, careful experi¬ 
ments were conducted to establish the 
equivalence of voltage tests on highways 
with voltage tests on the dynamometer, as 


it was recognized from the start that con¬ 
ditions as found on highway operation were 
the criteria of comparison, and that dyna¬ 
mometer testing could be used, as a con¬ 
venience, only provided the results closely 
approximated those of the highway tests. 
This was found to be true. 

Many repetitious voltage tests proved 
conclusively that the magnitude of the volt¬ 
age of the vehicle to ground was a direct 
function of the per-unit loading of the tires, 
increasing markedly with increases of tire 
inflation for a given speed or, at a given tire 
inflation, with increase of car load, as for 
instance with large increases of loads on a 
dump truck. In each case, the number of 
pounds per square inch of tire surface in 
contact with the roadway was increased. 
Patterns of these contacting tire areas were 
recorded by carbon imprints and plani- 
metered, and wheel weights were measured, 
from which data the unit tire loads were calcu¬ 
lated and thereafter related with the resulting 
increases of voltage for a given speed. The 
relationship thus found gave strong support 
to the validity of the theory of “contact dif¬ 
ference of potential’’ as the principle under¬ 
lying voltage generation at tire treads. 

2. The authors state that the charge on 
an electrified vehicle will be dissipated in a 
few seconds after the vehicle comes to a 
stop. On one of the most humid days in 
August, 1941, the writer was called to the 
Socony Company bulk filling station in 
Brooklyn to test the electrification of a par¬ 
ticular 2,000-gallon gasoline-tank truck. 
After a 100-yard run around the filling racks 
in the plant, the truck was brought to a 
stop and the voltmeter terminal quickly 
connected to the truck, the other terminal 
having been previously grounded. The volt¬ 
age was found to be 3,200 volts. This 
voltage gradually decreased to about 500 
volts during a period of two minutes. The 
run was then repeated with a conductor 
dragging on the ground from the chassis. 
About the same initial voltage was meas¬ 
ured, and the same time within five seconds 
was required for its dissipation. 

Similar tests have been made repeatedly 
during more favorable periods for the pro¬ 
duction of high electrifications, and in many 
instances of a highly charged vehicle at 
standstill, only a few per cent decrease in 
voltage was experienced after periods as 
long as 20 to 30 minutes, and in some of 
these tests skid chains had been draped over 
the rear bumpers so as to drag on the road¬ 
way. From such tests clear evidence was 
provided as to the futility of the use of drag 
chains on gasoline-tank trucks as a means of 
keeping them discharged. Also instances 
are known where mechanics have been 
thrown to the ground by shocks received 
from touching parked gasoline trucks, even 
as long as two hours after the electrified 
trucks were parked near the filling racks. 
Two cases are known to the writer, one here 
in New York City and the other near Boston, 
where shocks of such severity were received 
by two men while boarding busses, that 
their deaths ensued shortly afterwards. 

A few people, who have obviously had no 
experience in this field of investigation, have 
advanced the explanation for the existence 
of the high voltages on rubber-tired vehicles, 
both while operating and at standstill, as 
the effect of the electric-field gradient at the 
earth’s surface which exists normally at a low 
voltage, although sometimes at high values 


1943, Volume 62 


Discussions 


429 




as the result of induction from nearby charged 
clouds. It is known that fair-weather 
ground field gradients reach a maximum 
value of about 200 volts per vertical foot, 
which could lead to the possible existence 
of about 1,000 volts to ground for passenger 
cars. On city streets, however, sheltered 
electrostatically as they are by adjacent 
steel-framed buildings, even this low voltage 
could not exist. If a high ground gradient 
from a charged cloud existed on an electro¬ 
statically unsheltered highway, obviously 
this effect of ground gradients could not ac¬ 
count for the almost linear variation of the 
generated voltage from car body to ground, 
on a road test starting from zero voltage at 
zero speed to the high voltages of 10,000 
to 15,000 volts at high speeds. If at stand¬ 
still, a high voltage from the car body to 
ground, as measured by an electrostatic 
voltmeter, was caused by a high electrostatic 
ground gradient, then this voltage would re¬ 
establish itself again directly after the car 
body was grounded. Innumerable tests by 
the writer have disproved that the high 
electrification remaining on cars which have 
come to standstill results from the effect of 
ground gradients. While it is conceivable 
that, in an isolated instance, an electrified car 
body could discharge at standstill under the 
influence of a high ground gradient—-a con¬ 
dition which can be determined readily—yet 
it is most improbable that this effect could 
occur repeatedly in road tests which were 
taken on different days and particularly 
under fair weather conditions. 

3. In the conclusion of the paper under 
discussion, the authors state that a con¬ 
denser of 750 micromicrofarads had to be 
charged to several thousand volts to produce 
a spark capable of igniting a combustible 
mixture of gasoline vapor and air. In 
Circular C-438 of the National Bureau of 
Standards, '‘Static Electricity”, by F. B. 
Silsbee, the statement is made that the 
jump-spark from a capacitor of 72 micro¬ 
microfarads charged to 5,250 volts, thereby 
delivering an energy of only 0.001 joule, 
produced the ignition of an inflammable mix¬ 
ture of gasoline vapor and air. 

Obviously rubber-tired vehicles, which 
may range in capacitance from below 500 to 
over 1,500 micromicrofarads, and which 
may be commonly charged at the time of 
coming to standstill to voltages in the range 
of 10,000 to 15,000, constitute potential and 
dangerous sources of ignition of inflammable 
vapor mixtures and gases. In such cases all 
that is required for the initiation of a fire 
or an explosion is the synchronized timing 
of the spark, the presence of the proper 
ingredients for an explosive mixture, and 
their correct proportioning within the limits 
of combustibility. Doctor Silsbee also 
states that hydrogen has been ignited by as 
little as 2X10~ 5 joule at 1,300 volts. 

4. The writer has had no opportunity to 
test conductive rubber tires, and hence he 
can express no experimentally supported 
statement. But since the resistance of 
concrete pavement appears, from what 
measurements have been made, to be, at 
least, two or possibly three orders of magni¬ 
tude higher than the resistance of the con¬ 
ventional rubber tires as were measured by 
the authors, the writer would expect little 
success with conductive tires as a means of 
reducing the voltage generated on moving 
vehicles.. Even the authors’ own equivalent- 
circuit diagram of Figure 5 would support 


this expectation. If the resistance through 
the pavement to ground is, say, two orders 
of magnitude larger than the series resistance 
R 0 , then the value o f,R g , whether it be the 
value, 3X10 9 , as given by the authors, or 
even approximately zero, could only affect 
the high resistance of this circuit, as shown 
in Figure 5, to the extent of about one per 
cent. Hence, whether the rubber tires were 
conductive or otherwise would not be ex¬ 
pected to have any appreciable effect in 
reducing the voltage generated on moving 
vehicles. 

The solution of this problem of the genera¬ 
tion of voltage on rubber-tired vehicles is 
retarded by the property of extremely high 
resistivities of roadbeds, as they are con¬ 
structed at present—using concrete and 
asphalt compounds. Also the contact resist¬ 
ance between the tires and the roadway 
has never been investigated and this may be 
of a very high order. So in the absence of a 
solution to the problem, the best that can 
be done under the circumstances is to recog¬ 
nize the probable presence of a hazardous 
condition of high voltage and relatively 
large storage of electric charge on the vehicle, 
and to take the necessary precautions 
against possible shocks, fires, and explosions 
from the vehicles after they come to stand¬ 
still. 


S. S. Mackeown and Victor Wouk: The 
discussions by Professor Beach and Pro¬ 
fessor Weber call for certain comments. 

We too have measured the voltages de¬ 
veloped by a car mounted on a dynamome¬ 
ter. Our results showed, however, that the 
determination of the currents generated 
was more fundamental and gave more con¬ 
sistent results. The potential that a car 
acquires is determined not only by the cur¬ 
rent produced at the contact of the tires 
and the road, but also by the resistance of 
the tires. The resistance of the tires varies 
greatly from time to time, and it is difficult 
to obtain results consistent enough to make 
any general deductions. Our measured po¬ 
tentials check approximately with those 
determined by measuring the current. 

The following comments refer to the num¬ 
bered paragraphs in Professor Beach’s dis¬ 
cussion : 

1. The potentials we measured and cal¬ 
culated for an automobile running on a 
dynamometer are considerably lower than 
those measured by Professor Beach. We 
know of no explanation for this difference 
except that our work using the dynamome¬ 
ter was done in the evening when the 
humidity may have been relatively high, 
and consequently the resistance of the tires 
was lower than in the daytime. We found 
a small increase in the current generated 
when the pressure in the tires was increased. 
This compares with Professor Beach’s re¬ 
sults which show marked increase in the 
measured voltage with increase of tire in¬ 
flation. The reason for this difference may 
be that our results are relatively independent 
of the resistance of the tires, whereas the 
measured potential will depend on this re¬ 
sistance. As the pressure in the tires is in¬ 
creased, there is less heating of the tire, and, 
consequently, the resistance of the tire will 
increase with increase of tire inflation. We 
agree with Professor Beach that the current 
generated is due to contact differences of 
potential, but we do not find that this cur¬ 


rent changes greatly with increase in fric¬ 
tion or load. 

2. Professor Beach finds instances in 
which the potential of the car at standstill 
decreases only a few per cent after periods as 
long as 20—30 minutes. We have found no 
such cases. In working with the car not 
grounded on the dynamometer, a severe 
shock would be obtained if the car were 
touched when the rear wheels were turning. 
(With the conducting mixture on the tires, 
however, no shock was ever obtained). 
However, with the normal tires, in a few 
seconds after the wheels were stopped, no 
shock was felt on touching the car. A volt¬ 
meter connected to the car showed a steady 
decrease in potential of the car, as the speed 
of the wheels was decreased, and showed 
substantially no potential difference between 
the body of the car and ground a few seconds 
after the wheels stopped turning. 

Common experience indicates that a car 
or a bus brought to a standstill does not con¬ 
tinue to be at a high potential. It is very 
seldom that a person boarding a car or bus 
receives a shock, even though the bus or car 
has been driven at a good rate of speed and 
is boarded immediately upon stopping. A 
calculation shows that, in order that a car 
decrease its potential only a few per cent in 
20-30 minutes, it is required that the car be 
insulated by a resistance greater than 
4X10 12 ohms. This is a resistance which is 
a thousand times greater than what we 
find generally exists between a rubber-tired 
vehicle and ground. 

3. We are at present engaged in a study 
of the characteristics of a spark necessary 
to cause ignition of a combustible mixture of 
gasoline vapor and air. It is simple to show 
in the laboratory that, with a small spark 
gap, sparks of relatively h'gh current will not 
ignite a combustible mixture. 

4. We agree with Professor Beach that 
the resistance of the road is very important 
in determining the potential acquired by a 
car. There is one point, however, which 
should be remembered: a moving auto¬ 
mobile is continually contacting fresh sur¬ 
face of the road, and, even if the road be a 
complete insulator, the car will share its 
charge with the road. This will have the 
same effect as if the road had a lower resist¬ 
ance. Furthermore, it is possible that the 
positive charge "wake” left on the road be¬ 
hind the front wheels neutralizes to some ex¬ 
tent the negative charge on the rear wheels, 
and thus enhances the effect just mentioned. 

The following comments refer to the 
paragraphs in Professor Weber’s discus¬ 
sion: 

1. When a vehicle is in motion, the 
charge is distributed over the major portion 
of the circumference of the tires. The po¬ 
tential of this charge is not constant, but 
increases as the lire leaves the pavement, 
and probably reaches a maximum before 
the. tire has turned 180 degrees. The 
equivalent resistances R w and R g are aver¬ 
age resistances. They are very much less 
than the measured resistance between the 
car and ground when the car is stationary, 
because of the much broader surface over 
which the charges are distributed. These 
resistances are effective when the car is 
moving. When the car is stationary, it is 
necessary to use the measured resistance 
between the tires and ground. 

We believe that it is proper to determine 
the voltage of a moving car by using the 
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equivalent resistance, as was done in the 
paper. 

2. We agree that at times a car may 
reach a higher potential than the figures 
given in the paper. These figures were not 
for the maximum potential but for cases 
which we consider typical. 

3. We are of the opinion that, when a 
car is moving, the front tires will generate 
a charge and have a resistance similar to 
that of the rear tires. The charge produced 
will be doubled, and the resistance decreased 
to one half on this assumption. Therefore, 
the potential determined when the rear 
wheels are the only ones moving will be the 
same as the potentials generated when all 
four tires are running. It should be remem¬ 
bered that the current to the car was 
measured when the car was grounded 
through a microammeter of relatively low 
resistance. The resistance of the front 
tires was so great compared to the resist¬ 
ance of the microammeter that the front 
tires could be considered as perfect insu¬ 
lators. 

4. We believe that our results indicate 
the potentials that a car acquires in normal 
opeiation. The fact that when a car is 
stopped there is normally not enough 
potential to cause a shock to an individual, 
confirms our opinion that potential is too 
low to cause a spark which will ignite a com¬ 
bustible mixture of gasoline vapor and air. 

An Improved Axial Air- 
Blast Interrupter for 
Severe Operating Duty 

Discussion and authors’ closure of paper 43-32 
by P. L. Taylor and H. W ; Martin, presented 
at the AIEE national technical meeting, New 
York, N. Y v January 25-29, 1943, and pub¬ 
lished in AIEE TRANSACTIONS, 1943, 
pages 323-33. 

R. C. Dickinson (Westinghouse Electric 
and Manufacturing Company, East Pitts¬ 
burgh, Pa.): Apropos of the opening para¬ 
graph of this paper, a single-pole De-ion air 
breaker of the metal plate type for 12~kv 
railway service was tested 11 years ago in 
the Westinghouse high-power laboratory 
for endurance. A total of 72 interruptions 
was made without any maintenance what¬ 
ever. Of these 72 tests, 53 were made con¬ 
secutively in a total time of 1 hour and 44 
minutes. The current averaged 18,000 am¬ 
peres, and the circuit voltage was 11 kv, 
25 cycles. In the remaining 19 tests, three 
interruptions averaged 47,000 amperes at 25 
cycles, and the remainder were at currents 
down to 2,700 amperes. At the end of this 
test the breaker was still in operating condi¬ 
tion. This test represented a phenomenal 
performance at that time and is still con¬ 
sidered very good. 

Referring to the paper, ‘ 'Magnetic De-ion 
Air Breaker for 2,500-5,000 Volts,” by 
L. R. Ludwig and R. H. Nau, 1 reference is 
made to 27 interruptions at from 22,000 to 
55,000 amperes at 1,900 volts single-phase 
and 76 interruptions at 14,000 amperes and 
below. These tests were made on the same 
arc chute and contacts. 


I would also like to discuss certain other 
statements in this paper which, when read 
superficially, may be misleading. Referring 
to Figure 12 which purports to show the 
closing 115,000 peak amperes by the breaker 
in question, our figures indicate that the 
actual current on this test was approxi¬ 
mately 57,000 amperes rms which is the 
commonly accepted way of expressing such 
currents. In comparison with this, the 
magnetic De-ion breaker described by 
Ludwig and Nau has closed successfully 
64,000 rms amperes on a close-open inter¬ 
ruption at 2,000 volts. 

In the fourth paragraph of Taylor and 
Martin's paper reference is made to “the 
interrupting of currents of the order of 
60,000 rms amperes in the 500,000-kva 
15-kv size.” From the paper referred to, 
"Circuit Interruption by Air Blast,” by 
Edsall and Stubbs, 2 the maximum current 
shown to be interrupted by their 500,000- 
kva 15-kv air-blast breaker is approxi¬ 
mately 53,000 amperes at 2,300 volts , with 
the assistance of a resistor across the con¬ 
tacts. 

Referring to remarks by Taylor and Mar¬ 
tin under "Conclusions” and reference 14, 
which is a paper entitled "A New 15-kv 
Pneumatic Circuit Interrupter,” by Lud¬ 
wig, Rawlins, and Baker, 3 I assume that 
the following statement is the one in ques¬ 
tion: 

“For the lower ranges of current and at system 
capacities where the voltage-recovery rate after arc 
extinction is not too great, this type of interrupter 
is quite satisfactory. As the current or voltage is 
increased, the air requirements mount, until at 
1,000,000 kva, pressures in excess of 200 pounds 
per square inch are required. The nozzle type 
of interrupter is therefore not appealing.” 

First, it is to be noted that the paper from 
which the preceding quotation is taken 
was written for breakers of three times the 
voltage rating and of ten times the kilovolt¬ 
ampere interrupting capacity as the breaker 
described by Taylor and Martin. It is to be 
presumed that the high interrupted currents 
given by them were at considerably less 
than the maximum rated voltage of the 
breaker, five kilovolts. The actual voltage 
on these tests is not stated by the authors, 
although numerous other tests are shown in 
the order of 40,000 amperes and 1,800 volts. 

It is to be noted that a resistor is used in 
this breaker to reduce the rate of rise of 
recovery voltage, although the voltage rat¬ 
ing is very moderate. 

In view of these factors, the statement 
quoted from Ludwig, Rawlins, and Baker 
still appears valid and not at variance with 
the performance of the breaker shown by 
Taylor and Martin. 
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L. J. Linde (General Electric Company, 
Philadelphia, Pa.): This paper presents, 
in a very interesting form, the development 


of an air-blast breaker for highly repetitive 
duty which can be used with metal-clad 
equipments The evidence presented to 
demonstrate the abilities of this breaker to 
handle high currents during a large number 
of operations is impressive and to be ex¬ 
pected for any properly designed air-blast 
breaker. 

In 1940 a paper was presented to the In¬ 
stitute 1 in which an air-blast breaker of 
comparable dimensions was described in 
some detail. This circuit breaker was rated 
at 250,000 kva for services up to 15 kv 
(see Figure 1 of this discussion), and test 
data were presented to support this rating 
at voltages of from 4,200 to 14.5 kv. Ap¬ 
proximately 30 such breakers were installed 
on utility systems during that year, and 
they have established a reputation for re¬ 
liable service with a minimum of main¬ 
tenance. 

Those breakers were designed and built 
at a time when there was some question as to 
whether a line of self-contained magnetic- 
type breakers could be built to cover ade¬ 
quately this moderate capacity field. Since 
that time the Magne-Blast breaker line has 
been extended to include ratings from 50,000 
to 250,000 kva up to 15 kv, and nearly 
3,000 such breakers are now in service on 
a wide range of application duty. Since a 
majority of breakers of these ratings are 
used as removable units with vertical-lift 
metal-clad switchgear, simplicity of control, 
simplicity of provisions for breaker re¬ 
moval, and freedom from external auxiliary 
operating power supply, if consistent with 
satisfactory operating performance, are 
major considerations. 

One of the principal difficulties en¬ 
countered in the design of such a self-con¬ 
tained magnetic breaker is to get efficient 
light-current interrupting performance in a 
breaker which must also handle very heavy 
currents. In the Magne-Blast breaker, 
this is accomplished by providing a small 



Figure 1. A removable air-blast circuit 
breaker rated at 250/000 kva, 1,200 amperes, 
15,000 volts 


Breakers of this design are being used in 
vertical-lift metal-enclosed gear on 4,200-volt 
service 
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piston, self-operated as the contacts open, 
which directs a gentle puff of air in such a 
way that it moves a stringy light-current arc 
out into the arc chute where it is cleared 
promptly. Graphic evidence of the effec¬ 
tiveness of this puff of air is presented in 
Figure 2 of this discussion. 

The air-blast breaker is recognized as 
being admirably suited for high-capacity 
station-type duty, as evidenced by the 
number which have been built and placed 
in service with ratings up to 5,000 amperes, 
2,500,000 kva at 15 kv. From an inter¬ 
rupting standpoint, the air-blast breaker 
is also well adapted to highly repetitive 
duty, but it should not be inferred that it is 
alone in this field. Ability to handle a 
large number of operations at values of 
current approaching full interrupting rating 
is of scientific interest and, in some degree, 
is required in all circuit breakers. How¬ 
ever, from an average application stand¬ 
point, and particularly for these moderate 


Figure 2. A series of interrup¬ 
tion tests on a 250,000-kva 
Magne-Blast circuit breaker tD 
show the breaker operating time 
in cycles for currents up to 
breaker rating 

These tests were made at from 
4,200 to 7/200 volts three- 
phase 

tions at currents above 10,000 amperes at 
4,200 volts, three-phase, and 50 operations 
at above 20,000 amperes. All of these were 
made with the same set of contacts and arc 
chutes without maintenance of any part 
of this Magne-Blast breaker (Figure 3 of 
this discussion). As evidenced on this pic¬ 
ture, the contacts were in condition to 
continue operations. 
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J. Elmer Housley (Aluminum Company of 
America, Alcoa, Tenn.): The authors 
have described an improved method of 
interrupting an electric circuit. It is de¬ 
sirable that we have such information repre¬ 
senting an advance in the state of the art. 



Figure 3. An unretouched picture comparing a new arcing contact with the three contacts 
fr0m a 1 50,000-kva Magne-Blast breaker that had interrupted from 10 000 to 
20,000 amperes 100 times and from 20,000 to 30,000 amperes 50 times without maintenance 

or replacement of parts 


global perspective, however, and he has 
watched with interest the development of all 
types of circuit-interrupting devices 
throughout the world and has been able 
to evaluate the salient features of these 
devices. From the knowledge thus ob¬ 
tained there have sprung many improve¬ 
ments, such as accessibility of parts, im¬ 
provement in the maintenance problem, and 
an increase in the number of operations be¬ 
tween inspections. 


E. W. Boehne (General Electric Company, 
Philadelphia, Pa.): This is a discussion 
of Appendix B of the paper, entitled 
"Transient Recovery Voltage Control With 
Axial Air-Blast Breakers," by Karl Ler- 
strup. Doctor Lerstrup invites us to ac¬ 
cept the first derivative or slope of the re¬ 
covery voltage as a measure of the stress 
on the arc gap following interruption. 
Even if we make the concession of a single- 
frequency recovery circuit, which is not 
stated, the slope of the recovery voltage 
is not an acceptable measure of the rate of 
rise of recovery voltage. Doctor Lerstrup 
steps out of this false premise with the 
statement which starts paragraph 5, namely: 
"The rate of rise of electrical stress on the 
gap, immediately after a current-zero value, 
characterized by the derivative de„/dt , 
is a system constant." This is effectively 
true only at the point of the maximum rale 
of rise and in 1935 1 was termed the re¬ 
covery impedance, Z u of the circuit and is 
the ohmic contribution of the circuit to the 
simple but generalized expression for the 
rate of rise of the voltage across any circuit, 
that is, 

r , r = k‘I'co-Z r volts per microsecond 

u) = 2ir 

It was further shown in 1935 that, when a 
resistor shunted the breaker contacts, 
which ohmically was relatively small in 
comparison with the recovery impedance, 
the resistor became the recovery impedance 
in the preceding expression. Making this 
substitution: 


These tests were made at from 3,000 to 4,200 volts three-phase 


capacity ratings, it is far more important 
to know how many times a breaker will 
operate under conditions which it will en¬ 
counter in its everyday service. Since no 
load or light-current operations usually form 
a large part of such service, mechanical 
simplicity, ruggedness, and freedom from 
unnecessary complex accessories are im¬ 
portant factors. 

Some years ago a Magne-Blast breaker 
was put on a repetitive operation test and 
completed 10,000 operations, interrupting 
between 1,200 and 2,000 amperes at 2 300 
volts three-phase. During this time no 
maintenance work was performed on the 
breaker, and the arc chutes were not re¬ 
moved to inspect the contacts. Following 
this test and without any changes, the 
breaker successfully passed a number of 
lull-capacity interrupting tests in excess of 
its rating and a standard high-potential 
test. 

A breaker withdrawn from stock was 
tested recently for repetitive duty at higher 
currents. These tests included 100 opera- 
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The writer has observed closely the opera¬ 
tion of a similar air-blast circuit breaker in¬ 
stalled in a Southern hydroelectric plant in 
1938, followed by the installation of four 
similar breakers of a later design in 1940, 
one of which replaced the.original experi¬ 
mental breaker. Information developed 
m field tests and through field experience 
has, of course, been made available to the 
manufacturer covering such equipment. 

The air-blast breaker is in competition 
with a highly developed line of oil circuit 
breakers and oil-poor type of breaker. In 
general the demand for the development of 
air-blast circuit breakers has been insistent 
The speed of these breakers is rather high 
and the reduction of the hazard of oil in 
small indoor rooms and the reduction of 
d-c operating devices have been some of the 
points of interest to operators of the equip¬ 
ment. 

Interest in the use of air for operation of 
breakers and in the interruption of electric 
circuits has been apparent on the American 
scene for many years. The engineer has a 


r -r — k -I'oo ■ R volts per microsecond 
But / = E/x; hence the reduction to 


r-r^k- E- 


I’co volts per microsecond 


This is the conclusion Doctor Lerstrup 
reaches afresh without the qualifying limita¬ 
tion regarding magnitude of the resistor. 

Although it is stated, if R is small enough 
gap 1 of his Figure 18 will not break down, 
he points out in Figure 20 that the ratio 
R/x used in actual performance is 20 to 30. 
Even if the maximum value of 30 is taken 
for a 2,300-volt breaker as described in the 
paper for 150,000 kva, the resistor will be 
about one ohm and must be able to pass 
a current of about 1,300 amperes and also 
be so designed as to withstand the me¬ 
chanical stress of this current while heated. 
When confined to a small space’ the insula¬ 
tion clearance becomes a problem. 

From a functional standpoint it can be 
shown that any fixed resistance entering 
the circuit at current zero (and it must 
enter at a current zero) can only approach 
a 90-degree phase-angle displacement with 
the final interruption as the resistor is 
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increased without limit. The Magne-Blast 
breaker of 150,000 kva is a self-contained 
breaker, that is, it requires no compressed 
air. The resistance characteristic devel¬ 
oped by the arc itself, in the unique inter¬ 
leaving arc chute, modifies the recovery 
voltage by phase-angle shifts which exceed 
90 degrees by as much as 30 or 40 degrees. 2 
No resistors are required. The controlled 
arc is the resistor, a resistor which is never 
seen, and with each interruption it dis¬ 
appears promptly with no shower of molten 
metal. The Magne-Blast-breaker perfor¬ 
mance is independent of the severity of the 
recovery circuit. This principle of rapid 
efficient interruption is available for volt¬ 
ages up to 15 lev. 
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P. L. Taylor, H. W. Martin, and Karl 
Lerstrup: The introduction to this paper 
refers to “the evident need for breakers 
capable of scores of high-current inter¬ 
ruptions between maintenance periods, 
^vhich are at the same time easy and eco¬ 
nomical to maintain.” 

An improved axial air-blast interrupting 
device, which meets those specifications, 
has been presented. This improved device 
was developed initially in the size and ar¬ 
rangement which impose the most stringent 
design limitations. 

Comprehensive test data support the 
conclusion that this device is capable of 
considerably greater integrated duty be¬ 
tween maintenance periods than is any 
other device with which we are familiar. 

The presentation of performance data on 
this improved axial air-blast interrupter for 
severe operating duty appears to have stim¬ 
ulated the interest of other investigators 
in the important breaker characteristic 
which we have called “the integrated duty 
capacity,” and it has provoked some very 
interesting discussion. Various investiga¬ 
tors have searched their records and have 
reported some previously unpublished test 
data on the integrated duty capacity of 
other interrupting devices, thus evidencing 
their agreement that greater integrated 
duty capacities in circuit breakers are 
desirable. 

Mr. Dickinson reports in his discussion 
a series of tests on a 12-kv single-pole 
metal-plate De-ion breaker. We under¬ 
stand that this was a special 1,000,000-kva 
single-pole railway trolley breaker. Un¬ 
fortunately, he does not state at what volt¬ 
age the only three high-current tests were 
made. In spite of the fact that this was a 
considerably larger breaker than the one 
described in our paper, the integrated duty 
to which it was subjected on the test re¬ 
ported seems to be somewhat less than that 
shown in our Table V on a 150,000-kva 
axial air-blast breaker. 

Mr. Dickinson refers to a paper by Lud¬ 
wig and Nau on the magnetic De-ion breaker 
in which he states “. . . reference is made 
to 27 interruptions at from 22,000 to 55,000 
amperes at 1,900 volts single-phase and 76 
interruptions at 14,000 amperes and below. 


These tests were made on the same arc 
chute and contacts.” 

With reference to these tests, the Ludwig 
and Nau paper says: “Figure 10 shows a 
photograph looking up into an arc chamber 
which has been used during 27 interruptions 
at the maximum short-circuit current of 
the laboratory, and in addition 76 interrup¬ 
tions of currents 14,000 amperes and below 
at 2,300 volts single phase . . . the 76 inter¬ 
ruptions of currents ranging from 9 to 
14,000 amperes rms were made on an arc 
chamber. . . .” 

The two statements of currents and duty 
are at variance, and the Ludwig and Nau 
paper does not indicate that the same con¬ 
tacts were used throughout. Combining 
the two statements as best possible, and 
referring to Figure 11 of the Ludwig and 
Nau paper, we conclude that there were 24 
interruptions at 22,000 to 41,000 amperes, 3 
interruptions at 45,000 to 55,000 amperes, 
and 76 interruptions at 9 to 14,000 amperes. 
No statement is made as to whether the 
contacts were suitable for further use after 
these tests. Arcing times up to 20 cycles 
at low currents were reported on the low- 
current tests. Mr. Dickinson offers this 
test series for comparison with our test 
series consisting of 49 operations at 20,000 
to 41,000 amperes and 51 tests at 10,000 to 
20,000 amperes. Since contact deteriora¬ 
tion is proportional to a power appreciably 
greater than one of the current interrupted, 
the test series on the axial air-blast breaker 
appears to represent considerably greater 
integrated duty. 

Mr. Dickinson suggests that our indica¬ 
tion of maximum current closed as 115,000 
peak amperes may be misleading. The 
American Standard Definitions of Electrical 
Terms, C 42, reference 05.05.265, shows 
“peak value” to be an acceptable alternate 
for “crest value,” which latter term was used 
in the Ludwig and Nau paper, to which Mr. 
Dickinson refers, in which they show a 
maximum “crest value” of making current 
on their tests of 89,000 crest amperes. We 
are unable to find any reference in the Lud¬ 
wig and Nau paper to a making current of 
64,000 rms amperes, but we wish to point 
out that the rms value of the making cur¬ 
rent on the test shown in our Figure 10 is 
67,000 amperes, not 57,000 amperes as 
calculated by Mr. Dickinson. The oscillo¬ 
gram to which Mr. Dickinson takes excep¬ 
tion was only included, because one of the re¬ 
viewers questioned the ability of the breaker 
to close on fault current. The isolator 
contacts used on this breaker are of the 
same general design that has been used 
successfully for several years on the breaker 
described in a paper by Edsall and Stubbs. 

Mr. Dickinson refers to a statement in 
our conclusion which reads as follows: 
“This is contrary to the findings published 
by other investigators 1 * 1 ' 1 who found the 
current-interrupting “ceiling” of the axial 
(radial- or nozzle-type) air-blast breaker to 
be too low for use on American systems.” 
We had more specific reference to the paper, 
“The Cross-Air-Blast Breaker,” by Prince, 
Henley, and Rankin 1 than to the Ludwig, 
Rawlins, and Baker paper from which Mr. 
Dickinson quotes. However, we quote 
more completely from Ludwig, Rawlins, 
and Baker. “In Europe variations of the 
nozzle type . . . For the lower ranges of 
current and at system capacities where the 
voltage recovery rate after arc extinction is 


not too great, this type of interrupter is 
quite satisfactory. As the current or volt¬ 
age is increased, the air requirements 
mount, until at 1,000,000 kva pressures in 
excess of 200 pounds per square inch are 
required. The nozzle type of interrupter is, 
therefore, not appealing.” 

We have shown in our paper that neither 
the axial air-blast nor the cross-blast type 
of air-blast breaker is peculiarly suited or 
limited to European practice. The com¬ 
pany with which Mr. Dickinson is con¬ 
nected is using the axial-blast principle in 
certain of their high-interrupting-capacity 
air-blast breakers. They are also using 
air pressures in excess of 200 pounds per 
square inch on breakers using the cross¬ 
blast principle, which does not in our 
opinion, make them “unappealing,” as was 
thought by Ludwig, Rawlins, and Baker. 
Whereas a resistor is used on our breaker to 
reduce the rate of rise of recovery voltage, 
this resistor is not required for proper opera¬ 
tion. Actually, a number of the high-cur¬ 
rent tests reported was made without 
benefit of resistor. 

In view of these factors and the evidence 
previously presented, it appears that the 
axial-type air-blast breaker is an American 
device developed to meet American stand¬ 
ards, and that its performance at least 
equals that of the cross-blast type in all 
respects, and can no longer be indicted by 
the proponents of the cross-blast type as 
being a European device suitable only for 
European application. 

Mr. Linde has made the following very 
interesting statement, which may, how¬ 
ever, be misleading: “Ability to handle a 
large number of operations at values of 
current approaching full interrupting rating 
is of scientific interest and, in some degree, 
is required in all circuit breakers. How¬ 
ever, from an average application stand¬ 
point, and particularly for these moderate 
capacity ratings, it is far more important to 
know how many times a breaker will oper¬ 
ate under conditions which it will encounter 
in its everyday service.” 

No one can differ with the statement that 
it is very important to know the capa¬ 
bilities of a breaker under everyday service 
conditions. We cannot agree, however, 
that the ability of a breaker to handle large 
numbers of operations at high currents is a 
matter of little more than scientific interest. 
If this latter premise were valid, it might be 
permissible, without further tests, to assign 
an interrupting rating of say 80,000 amperes 
to the breaker described in our paper. 

The characteristics of both air-blast and 
air-magnetic breakers are such that a 
breaker capable of large number of interrup¬ 
tions, at, say, one-half rating is not neces¬ 
sarily capable of even one interruption at 
or near rating. In breakers of all types 
the relative increase in deterioration of 
contacts with increased current is very 
rapid. Consequently, an interrupting de¬ 
vice, such as is described in our paper, which 
is capable of interrupting large numbers of 
high-current faults is capable of interrupt¬ 
ing very much larger numbers of medium- 
current faults and on many thousands of 
load-current operations. The determina¬ 
tion of integrated duty capacity by means of 
high-current tests is thus very much more 
practical, particularly under present condi¬ 
tions. At the same time, the demonstration 
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of a high integrated duty capacity on high 
currents insures that, when breakers are 
installed where they will be subjected to 
frequent operation at high currents, they 
will give real performance. 

We appreciate Mr. Linde’s contribution 
to the consideration of the integrated duty 
capacity of breakers by making special tests 
on the Bennett and Wyman breaker. It is 
unfortunate that he was unable to make any 
tests at or near the maximum rated inter¬ 
rupting current of the breaker. Our ex¬ 
perience in testing magnetic breakers indi¬ 
cates that, in general, they are incapable of 
even a moderate number of interruptions at 
currents of the order of 30,000 amperes. 
Perhaps other investigators have had more 
fortunate experience. 

We fully agree with Mr. Boehne’s re¬ 
marks about the voltage conditions around 
zero current. In order to keep the paper 
within readable length and quickly get to 
the main subject, we used the symbol de Q /dt 
as a characteristic representative for the 
rate of rise of recovery voltage. The 
qualifying limitation regarding the magni¬ 
tude of the resistor is realized and stated, 
although not in Mr. Boehne’s words. 

We are pleased that Mr. Boehne brought 
up the question of the physical limitations 
of the resistor. Size has been an almost 
insurmountable difficulty in all applications 
to resistors to circuit interrupters, with 
the single exception of the axial air-blast 
breaker, which is the subject of this paner. 

It is generally agreed that, in order to be 
effective, switching resistors must be of 
relatively low ohmic value and thus carry 
relatively high currents, and that the re¬ 
sistors must be designed to withstand these 
currents during the normal insertion period 
plus a generous factor of safety. In oil 
breakers these requirements lead either to 
enormous dimensions or to questionable 
safety factors. We recall some breakers 
built in Switzerland which had their re¬ 
sistors mounted in a separate tank. In 
another case a utility in Sweden elected to 
remove the resistors in their breakers rather 
than risk operation with them. 

In the case of our axial-blast air breaker 
the conditions for the application of re¬ 
sistors are much more favorable. It must 
be borne in mind that in this breaker the 
arcing time does not exceed one current loop 
and the resistor is not required to carry ap¬ 
preciable current for more than one-quarter 
cycle. This is the reason why we can con¬ 
veniently design our resistors at 20 to 30 
times the minimum short-circuit reactance 
(at rated voltage) and why we can provide 
resistors that are at the same time effective 
and entirely safe without great expense in 
space or material. 

Mr. Boehne has used the R/X ratio of 20 
to 30 given in our paper as applying to the 
minimum voltage application and has, 
therefore, arrived at an incorrect value of 
resistance. The resistors in this particular 
case are required only to carry a maximum 
current of up to 700 amperes for periods 
up to one-quarter cycle. Thousands of 
tests on various breakers and several years 
of operating experience on breakers of the 
class described in the Edsall and Stubbs 
paper "Circuit Interruption by Air Blast,” 
have proved the adequacy of our resistor 
design. Mr. Boehne’s fears that our re¬ 
sistors may disappear in "a shower of molten 
metal” seem, therefore, to be unfounded. 


Further, as mentioned elsewhere in this 
discussion, the breaker described has been 
subjected to numerous tests without benefit 
of resistors. Resistors are not essential to 
the operation of this breaker, but they in¬ 
crease the efficiency of operation, add to 
the safety factor, and reduce the voltage 
stress on connected apparatus. 

We cannot subscribe to the unqualified 
use of expressions like "phase-angle dis¬ 
placement” when transient conditions are 
being considered. We must assume in this 
case that the zero passage of current is 
taken as a criterion. If so, we agree that 
with a fixed resistor we can only approach 
a 90-degree displacement, but who will 
want to obtain more? As soon as we get 
sufficient displacement so that the situation 
is well in hand, any further displacement is a 
matter of scientific interest only. 

Mr. Boehne refers to the Magne-Blast 
breaker and his paper, "The Geometry of 
Arc Interruption.” This paper is un¬ 
doubtedly one of the more important papers 
on circuit interruption and offers an ex¬ 
cellent treatment of a rather difficult sub¬ 
ject. It shows how, with a variable re¬ 
sistor, the current can be forced to zero at 
almost any point in the cycle. 

To be practically significant, however, this 
principle should be developed to the point 
where it is possible to force gently the 
current to zero in a time interval less than 
one-half cycle. Interruptions of this type 
have been realized at the lower voltages in 
Denmark and France. If it is necessary to 
use an appreciable time to prepare for the 
forcing of current zero, it would seem far 
better to use a jet of air and blow out the 
arc at the first natural current zero instead 
of wasting time in a tedious lengthening of 
the arc. 

Conclusion 

While the initial development of our im¬ 
proved axial air-blast interrupter reported 
was made on a high-interrupting-current 
low-interrupting-kilovolt-ampere step, the 
features of the device can be adapted to the 
complete range of sizes of axial air-blast 
breakers. 

Air-blast breakers differ from other types 
particularly in the actuating means used. 

It requires a little time to get accustomed to 
the idea of pneumatic operation. For the 
usual application it will be found that the 
cost of installation and operation of air- 
blast breakers does not differ appreciably 
from that of other types, when the auxil¬ 
iaries, including storage batteries, are in¬ 
cluded in the consideration. 

In this connection it is interesting to note 
that on a recent check, made by the com¬ 
pany with which the authors are connected, 
it was found that all of the outdoor oil cir¬ 
cuit breakers in course of manufacture from 
115 kv to 161 kv, inclusive, are pneumatically 
operated, each with its own individual com¬ 
pressed-air system. 

We feel that the improved axial-type air- 
blast interrupting device presented here is 
the answer to the demand for a breaker with 
a much greater integrated duty capacity. 
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A New 50,000-Kva 5-Kv 
Oilless Circuit-Breaker 
and Metal-Clad 
Switchgear Unit 

Discussion and authors’ closure of paper 43-44 
by R. C. Dickinson and B. I. Hayford, pre¬ 
sented at the AIEE national technical meeting/ 
New York, N. Y., January 25-29/ 1943, and 
published in AIEE TRANSACTIONS, 1943, 
June section, pages 302-06. 


L. J. Linde and V. L. Cox (General Electric 
Company, Philadelphia, Pa.): The intro¬ 
duction of this 50,000-kva 5-kv oilless circuit 
breaker is evidence that air breakers for this 
particular service are a permanent addition 
to the field of switching devices. The au¬ 
thors have described a design that is simple 
and adapted for use with horizontal draw- 
out metal-clad equipments. 

A 50,000-kva 5-kv Magne-Blast (oilless) 
circuit breaker has been developed, and a 
considerable number of them have been 
produced in vertical-lift-type metal-clad 
equipments. This breaker has the same 
contour, and its dimensions and appear¬ 
ance are in close agreement with the present 
existing oil circuit breaker, Figure 1. It has 
been considered important to maintain a 
close similarity of design to that of the pres¬ 
ent oil breaker and metal-clad structures in 
order to use common parts and subassem¬ 
blies in manufacture, where possible, in the 
interest of aiding production, and to make 
the most efficient use of space in the metal- 
clad unit. Figure 2 illustrates the outline 
of a basic metal-clad unit. 

Figure 3 illustrates a cross section of the 
breaker now in production. The familiar 
Magne-Blast arc chute is mounted on and 
supported by the two insulator bushings. 
As the breaker contacts open, the current 
transfers from the primary contacts to a 
single silver tungsten-surfaced arcing con¬ 
tact. The resultant arc transfers from this 



Figure 1. A 5,000-volt Magne-Blast breaker 
rated at 50,000 kva 

This breaker is used with vertical-lift metal- 
enclosed switchgear. The insulated box bar¬ 
rier is withdrawn to the rear to expose the arc 
chutes and contacts 
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Figure 2. An ar¬ 
rangement drawing 
of the basic metal- 
enclosed switchgear 
unit used with the 
50,000-kva Magne- 
Blast breaker 

Cable connections 
can be made through 
potheads or insula¬ 
tors out oF the bot¬ 
tom, back, or top 


Figure 3 (below). A cross-section drawing of 
the 5,000-volt 50,000-kva Magne-Blast 

breaker 




Contacts swing downward and toward the 
mechanism to establish the arc between the 
diverging arc runners. Movement of the con- 



50,000 KVA 



Figure 4. A curve of arcing 
time versus current interrupted 

The dotted line shows the arc¬ 
ing time measured during tests 
where the ''booster” was re¬ 
moved 


contact to the arc runner and shunts into 
the circuit a single multi turn blowout coil. 
The arc travels rapidly along the divergent 
runners and is forced By the arc chute into 
a serpentine pattern where the increase in 
arc resistance forces the current to decay 
and interrupt at an early current zero. 
A simple cup of molded insulation functions 
as an air "booster” and assists in light-cur¬ 
rent-interruption performance. 

Figure 4 pictures a series of tests made at 
currents throughout the range of the breaker 
rating. Arcing time in cycles is plotted 
against current interrupted in amperes to 
show the consistent performance of this 
circuit breaker. It is apparent that the 
"booster” is successful in supplementing 
the magnetic field during the light-current 
interruptions to hold the arcing time to a 
minimum value. Recent laboratory tests 
have demonstrated that a light-current arc 
flows upward by convection currents. 
Similar tests show that this breaker will 
interrupt such currents in approximately 
50 cycles when the arc chute is pointed 
directly up and the "booster” is disconnected, 

A careful test program, including inter¬ 
ruption tests, high-potential tests, operation 
tests, and so forth, has determined that an 
air breaker of this rating may be compar¬ 
able to the equivalent oil circuit breaker in 
space requirements. This oilless circuit 
breaker should find many applications for 
2,300- and 4,000-volt feeders, motors, 
generators, and general station auxiliary 
power service. 


R. A. Hentz (Philadelphia Electric Com¬ 
pany, Philadelphia, Pa.): The appearance 
of an oilless circuit breaker of the 50,000-kva 
5-kv class is a welcome one. On the Phila¬ 
delphia Electric Company system there are 
a large number of 2,300- and 4,000-volt 
customers where breakers of this size have 
application. When 100,000 kva was the 
smallest available, the use of oilless breakers 
was discouraged, as the cost and space re¬ 
quired made the competition too stiff. 
While the number of circuit-breaker oil 
fires in such installations has been small 
(possibly because the breakers operate 
rarely), such fires have occurred. The ad¬ 
vantage of eliminating any chance of an 
oil fire from the breaker is an important one. 

The subject of cost is mentioned twice in 
the paper, but no comparison with the cost 
of the oil breaker is given. It would be 
interesting to know how the two compare 
on a percentage basis. 

I believe there is an advantage in having 
the finger contacts on the movable element 
as shown in Figure 8 of the paper. The 
simple stationary part shown on the right- 
hand side should have little need of ad¬ 
justment, compared to movable part on the 
left. The ease and safety of being able to 
work on the finger contacts with the truck 
removed from the cubicle make this de¬ 
sign attractive. 

Paragraph 11 of the paper refers to the 
interruption of magnetizing currents. Fig¬ 
ure 4 shows that eventual interruption is 
approximately 25 cycles. Such times are in 
marked contrast with the interruption of 
similar currents on an air-blast breaker, and 
this feature of the magnetic-type breaker 
must be listed as one of the unsolved prob¬ 
lems which must continue to receive the 
attention of designers. 
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R. C. Dickinson and B. I. Hayford: This 
discussion leaves the reader in some doubt 
as to the low-current performance of the 
breaker described by Linde and Cox. The 
text reads as follows, .. Recent laboratory 
tests have demonstrated that a light-current 
arc flows upward by convection currents. 
Similar tests show that this breaker will 
interrupt such currents in approximately 50 
cycles when the arc chute is pointed directly 
up and the 'booster* is disconnected.” 
Figure 4, which shows curves of arcing 
time versus amperes interrupted, indicates 
80 cycles of arcing without the booster, at 
four to five amperes. 

If the tests for this curve were made with 
the breaker in its normal position, with the 
arc chute pointing straight down, then the 
preceding statement by Linde and Cox 
would indicate that the arc would never go 
into the arc chute, and therefore it would 
not be interrupted at all in the low-current 
ranges of perhaps four to five amperes. 

A Vertical-Flow Compressed- 
Air Circuit Breaker and 
Its Application on a 
132-Kv Power System 

Discussion and author’s closure of paper 43-51 
by H. A. P. Langstaff and B. P. Baker, pre¬ 
sented at the AIEE national technical meeting. 
New York, N. Y., January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
April section, pages 188-92. 


R. A. Hentz (Philadelphia Electric Com¬ 
pany, Philadelphia, Pa.): Oilless circuit 
breakers may be considered in three classes: 

(a). Indoor, generally rated about 5,000 volts, of 
the magnetic type. 

(5). Indoor, generally rated 15,000 volts of the air- 
blast type. 

00. Outdoor, rated 34,500 volts and above, also 
of the air-blast type, though not always applying 
to the same form of interrupter as 6. 

The advantages of classes a and b are well 
known of which the principal one, of 
course, is the elimination of oil with the 
consequent entire avoidance of oil fires. 
These breakers have also other favorable 
features but of a secondary nature, an ex¬ 
ample being cleanliness. The advantages 
of class c do not appear to be so outstanding. 
When a bad fire is outdoors, the effects 
are not so far-reaching, in that the heat and 
soot are not so confined as in the case of 
indoor installations, and such soot as is 
deposited on adjacent equipment is less 
harmful and more easily removed (stream 
of water). However, outdoor fires can be 
disastrous, and such have occurred, so that 
the elimination of oil is still desirable. 
Perhaps the trend of the industry will be 
toward the use outdoors of oilless breakers 
for most new installations, with relatively 
little replacement of the oil type as com¬ 
pared to replacement E of indoor type, using 
large quantities of oil where the justification 
of such a step is greater. 

In addition to the more obvious advan¬ 
tages of the air-blast breaker, relative to 


the oil type, there is the ease with which 
charging currents can be broken. Such 
currents are broken as readily as short 
circuits; this is not the case in oil breakers. 

The installation of the 138-kv air-blast 
breaker described in the paper is to be 
hailed by the industry as a contribution to 
its progress in that it permits the collection 
of valuable field experience to the end that 
all the “bugs” will be eliminated the sooner, 
and breakers giving a minimum of trouble 
will be available for the after-the-war ex¬ 
pansion of our facilities. The air-blast 
breaker is no exception to new developments 
in general; there are “growing pains” 
through which they must pass. 

Experience with all types of air-blast 
breakers points to two conclusions: 

1. High-power laboratory and field operations 
show them to be satisfactory in so far as the design 
of their interrupting elements are concerned. 

2. Field experience shows that much progress is 
yet to be made before they can be mechanically 
satisfactory, particularly in the air system. 

In the case of the outdoor type, freez¬ 
ing temperatures add to the difficulty 
of making a breaker always available 
to do its duty, irrespective of condi¬ 
tions. I urge upon all manufacturers care¬ 
ful consideration of the mechanical de¬ 
sign and construction. Many will recog¬ 
nize in the preceding statements a repeti¬ 
tion of the ground covered some years ago 
by users of oil circuit breakers, when an 
excellent electrical design was offset by some 
mechanical feature not being adequate. 
These mechanical weaknesses, in the oilless 
type no less than oil type, are now, as they 
were then, all the more unfortunate in that 
they involved engineering elements that 
had been used in other fields for many years, 
and consequently there was much valuable 
experience on which to draw. I do not 
wish to imply that the manufacturers have 
ignored such experience in other fields, but 
I am wondering if it has been given due 
weight. 

The greater space required by the air- 
blast breaker, as indicated by Figure 8 of 
the LangstafF-Baker paper, should not be 
disturbing. It must be remembered that 
the high-voltage outdoor air-blast breaker is 
in its infancy and that, as time goes on, 
improvements probably will result in more 
compact designs in the future. This oc¬ 
curred in the case of oil breakers, and there 
is no reason to believe that history will not 
repeat itself. 

t In the paper it is stated: "By compres¬ 
sing air to 1,000 pounds per square inch, cool¬ 
ing, and then expanding to 350 pounds per 
square inch, dry air is secured . . . .” One of 
the advantages of field experience is to find 
out whether this is always so. Operators 
will be well advised to watch this, along 
with the many other features that will re¬ 
quire attention. 


H, E. Strang (General Electric Company, 
Philadelphia, Pa.): The authors of this 
paper have concluded properly that the most 
satisfactory means of establishing the merits 
of and expediting the progress in design of 
high-voltage air-blast breakers is to acquire 
field experience under actual operating con¬ 
ditions. It seems certain, based on test data 
presented here and supplemented by work 
along this line previously discussed, that the 


basic principle of a vertical or axial-flow air- 
blast interrupter is entirely sound for the 
interruption of high-voltage arcs. 

At this stage of the development of these 
new types of breakers it is natural and of 
ultimate benefit to the industry that there 
should be a healthy divergence of opinion 
as to the preferred physical arrangements 
of parts and method of mechanical opera¬ 
tion. It is to be expected that additional 
field experience will tend to clarify some of 
the points involved. 

In addition to accumulating field experi¬ 
ence under normal operating conditions, it 
is also of very great benefit in such a de¬ 
velopment to supplement the necessarily ex¬ 
tensive factory interrupting test program 
with a series of field interrupting tests. In 
1941 such a series of field tests was con¬ 
ducted on a triple-pole air-blast 138-kv 
breaker rated 1,500,000 kva. Even on 
superspeed reclosing service over a range of 
duty up to 1,870,000 kva (where therefore 
this fault had to be cleared twice in 20 cycles) 
this breaker showed a range of over-all 
operating time from 3.8 to 5.2 cycles. 

Langstaff and Baker report quite favor¬ 
able arcing times for the factory tests on 
straight single-operation interrupting duty 
on their breaker, but it appears from the 
oscillograms that the over-all opening time 
is something in the order of 6 to 9.5 cycles. 
Undoubtedly, some simple means will be 
found to reduce the apparently excessive 
dead time. 

Two 138-kv breakers, identical with the 
one submitted for field tests in 1941, are 
now in regular service on superspeed re¬ 
closing duty on the system of the Appala¬ 
chian Electric Power Company. In addi¬ 
tion, seven 34.5-kv and one 69-kv outdoor 
air-blast breakers of similar designs have 
been furnished the Philadelphia Electric 
Company. The former were in service 
during the last lightning season, and some 
of the breakers were subjected to a number 
of operations with results which fully met 
the most optimistic expectations. 

A. N. Shealy (Pennsylvania Water and 
Power Company, Baltimore, Md): The 
paper by Langstaff and Baker covering the 
field service installation and initial three 
month’s performance of a compressed-air 
circuit breaker on a large 132-kv power sys¬ 
tem is most interesting. The value of such 
installations in the development and proof of 
a device of this type cannot be overempha¬ 
sized. 

From a comparison with the paper by 
Ludwig and Baker (reference 5 of the paper) 
presented two years ago which covered the 
experimental breaker of this type, it is 
noted that the isolating switch design has 
been changed materially, and a description 
of the isolating switch as installed would be 
of interest, particularly since this switch 
has an important function in the closing 
operation of the breaker. It is also noted 
that the three isolating switches reach the 
closed position within one cycle of each 
other, and this brings to mind the possibility 
of difficulties with high-speed ground relays. 
From experience with conventional high- 
voltage air-break switches, it has been 
found that high-speed ground relays must 
be removed from service during the time of 
switching operations which involve the 
paralleling of grounded-neutral transformer 
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banks. It would appear that the same 
difficulty would be experienced during the 
closing operation of the compressed-air 
circuit breaker if current flows in one or two 
phases for approximately a cycle before the 
three-phase circuit is established. This is 
aggravated under certain switching condi¬ 
tions by one or two poles arcing at a greater 
distance as the switch approaches the closed 
position, and it seems reasonable to expect 
that with this breaker ground currents might 
flow for more than one cycle. If considera¬ 
tion has been given to this, the authors’ 
comments would be interesting. 

It is not recalled that the continuous 
trickle of dry air through the porcelain 
columns has been reported previously, and 
it would be interesting to know if this is 
merely a precautionary measure or the result 
of difficulties with the inner surfaces of the 
porcelain columns. The small amount of 
air used for this purpose is not objection¬ 
able. 


H. A. P. Langstaff: 


type current transformers is quite justifi¬ 
able. We would prefer their use, and future 
designers should keep these in mind. 

As stated in the paper, the breaker de¬ 
sign and assemblies met our specifications, 
however, as we already had installed wave 
trap and capacitor in this particular circuit 
and were able to make a decided improve¬ 
ment in source of potential supply for all 
present and proposed future relaying, we 
left the existing carrier equipment in place, 
and installed the new capacitors which were 
shipped with the breaker in another loca¬ 
tion and connected them to the station bus. 
Our accounting was also simplified. 

During the breaker assembly it was 
thought advisable to provide greater flexi¬ 
bility in the vertical porcelain columns, 
and this was obtained by the use of different 
gaskets, bolts, and three cup washers prop¬ 
erly compressed with each bolt in the por¬ 
celain hardware. 

In conclusion, our experience thus far 
would, I believe, direct our decision in favor 
of air-blast design, should our requirements 
call for additional 132-kv breakers. 


Performance to Date 

To date the breaker has had a total of 57 
operations, only five being automatic. All 
were satisfactory. During one very cold 
spell the gradual dropping of pressure in the 
high-pressure system and the continued run¬ 
ning of compressors resulted in finding the 
two pressure relief diaphragms punctured 
and the two check valves frozen, caused 
mainly by their inherent design. No piping 
nor valves were injured. New relief dia¬ 
phragms were installed, the ice thawed, and 
the system was returned to normal. 

Heaters have been installed temporarily 
to prevent any additional freezing until 
the piping is rearranged, leaving the cooling 
coils outdoors and locating the check valves 
within the compressor housing. Our most 
recent and coldest weather reaching ap¬ 
proximately 12 below zero developed no 
trouble. Our operating instructions call 
for all 132-kv breakers to be operated 
manually for test during cold weather. 

A number of air-blast breakers have been 
equipped with air dryers, but as yet we have 
had no indication whatever of the necessity 
of such a unit. 

During a recent one-month period we 
had five manual open and close operations, 
and the compressors have operated an aver¬ 
age of 1.67 hours out of each 24-hour period. 
We are keeping such records to determine 
inspection schedule for the air compressors. 

Design and Installation 

The speed of this breaker meets our 
present system and relaying requirements. 
Had we specified a faster operating unit and 
been willing to pay the extra cost, the 
manufacturer would probably have met our 
requirements. 

We have no extremely fast-operating 
ground relays on the circuit this breaker 
controls, but I believe it possible that its 
functioning would meet such relay switching 
requirements as shown by factory speed 
tests. 

Space requirements as mentioned by Mr. 
Hentz, it seems to me, should be ample in 
most switching structures. The height 
requirements may be the limiting feature. 

The comment regarding use of bushing- 


The Auto-Blast 
interrupter Switch 

Discussion of paper 43-52, by E. A, Williams, 
Jr., and W. G. Harlow, presented at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943, and published in 
AIEE TRANSACTIONS, 1943, April sec¬ 
tion, pages 1 76-81. 


P. H. Light (General Electric Company, 
Schenectady, N. Y.): It has been shown 1 
that there is a definite economic field for 
the application of interrupter switches ap¬ 
plied to unit substations 15 kv and below. 
On some applications several load-center 
unit substations are connected to a single 
short feeder on which short-circuit protec¬ 
tion for the feeder and load-center trans¬ 
formers is obtained by a circuit breaker at 
the feeder source. On these applications 
some means of disconnecting the trans¬ 
former from the feeder is often desired. 
To make it unnecessary to de-energize the 
feeder when a single transformer is de¬ 
energized, the disconnecting means should 
be capable of interrupting the magnetizing 
current of the transformer and in some 
cases, possibly, load current as well. A 
liquid-filled switch has been available for 
interrupting magnetizing current, but the 
liquid-filled switch has some limitations 
that are not present in an air-filled switch. 
In the application of any disconnecting de¬ 
vice that is not capable of interrupting the 
system short-circuit current, there is always 
a possibility, however remote, that the 
switch may be opened under fault condi¬ 
tions. Under these conditions the switch 
will probably fail to interrupt the fault 
current, and the arc will be maintained 
within the switch enclosing case. If the 
switch is liquid-filled, the arc will cause 
volatilization of the liquid, building up very 
high pressure within the enclosing case, 
possibly rupturing it. If the switch is oil- 
filled, there is also the danger of creating a 
fire. The air-filled switch is not a fire haz¬ 


ard, and, inasmuch as air is compressible, 
there is less possibility of injurious effects 
extending beyond the enclosing case. Thus, 
if the disconnecting device is operated 
under fault conditions, the damage resulting 
from failure will probably be less if the 
switch is air filled instead of liquid filled. 

A fundamental feature of an air-filled 
switch is its large size in contrast with a 
liquid-filled switch. In order to maintain 
the standard basic-impulse insulation levels 
corresponding to other switchgear switching 
devices, such as power circuit breakers, 
with air as the insulating medium, large 
clearances are fundamentally necessary, 
resulting unavoidably in dimensions in the 
order of those given in the paper. 

For the application in which the switch is 
mounted on the transformer tank, the use 
of the switch will probably be limited to the 
larger load-center unit substations and 
master unit substations rated 15 kv and 
below. For this application the new switch 
fills a long felt need for a disconnecting de¬ 
vice of this kind. 

Reference 

1. Fundamental Considerations in Selecting 
Metal-Enclosed Switches for Unit Substa¬ 
tions and Secondary-Network Transformers, 
W. J. McLachlan, D. L. Beeman. General Electric 
Review, May 1942. 

A Multiorifice Interrupter 
for High-Voltage Oil 
Circuit Breakers 

Discussion of paper 43-53 by L. R. Ludwig 
and W. M. Leeds, presented at the AIEE 
national techi ical meeting. New York, N. Y., 
January 25-29, 1943, and published in 
AIEE TRANSACTIONS, 1943, March sec¬ 
tion, pages 119-25. 


H. E. Strang (General Electric Company, 
Philadelphia, Pa.): It is, no doubt, of con¬ 
siderable interest to the industry that the 
high-voltage breaker as described by the 
authors utilizes directed oil flow as a means 
of increasing the efficiency of arc interrup¬ 
tion. While the interrupters used differ 
mechanically, it seems quite possible that 
the principle of interruption may be very 
similar to that employed in the oil-blast 
breaker. In both cases it is recognized that 
oil is highly mobile and can be moved 
easily and directed accurately. Both use 
pressure created by action of a primary arc 
to move and direct the oil in such a way 
that it removes the arc products, replacing 
them by new fresh oil having high insulation 
strength. 

While it is claimed that the major benefit 
accrues from the lateral flow of oil along the 
path of the arc, yet the construction ap¬ 
pears such that there is a multiple-orifice 
outlet, providing the means of establishing 
a flow of oil across the path of the arc. The 
value of the multiple-orifice outlet was 
established in connection with the first 
287,000-volt three-cycle impulse breakers 
where the flow of oil was caused by a piston, 
and where a double outlet for the cross oil 
flow was found to be more effective than a 
single one. This was discussed fully before 
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this group as early as 1936 and has been 
used extensively since in multibreak inter¬ 
rupters now in service on many five-cycle 
tank-type breakers from 110 to 230 kv. 

From a standpoint of mechanical con¬ 
struction, there seems to be some reasonable 
doubt as to whether the complication of the 
extra vertical operating rod within the in¬ 
terrupter and the rocker shaft with its con¬ 
tact at the top is necessary, since this func¬ 
tion can be accomplished so simply by the 
cross-bridging member in the multibreak 
interrupter. 

Undoubtedly, some further refinements 
and improvements are to be expected in this 
new member of the family, since for corre¬ 
spondingly rated breakers the operating 
times reported in this paper are consistently 
longer than those previously demonstrated 
by comprehensive field tests on both 230-kv 
and 138-kv five-cycle oil-blast breakers, 
which were both reported in full to this 
group. 1 - 2 

References 

1, New Multibreak Interrupter for Fast- 
Clearing Circuit Breakers, R. M. Spurck. H. E. 
Strang. AIEE Transactions, volume 57, 1938, 
December section, pages 705-10. 

2. Tests on Performance of a High-Speed 
M uLTrBREAK 138-Kv Oil Circuit Breaker, 
Philip Sporn, H. P. St. Clair. AIEE Transac¬ 
tions, volume 57, 1938, December section, pages 
G96-703. 


W. F. Skeats (General Electric Company, 
Philadelphia, Pa.): This paper shows charg¬ 
ing-current tests at 33 kv across one sixth 
of a pole of a 287-kv breaker but makes no 
mention of such tests on any of the units 
expected to withstand a higher voltage per 
grid. I should like to ask the authors if 
any such tests have been made. 


J. T. Logan (Georgia Power Company, 
Atlanta, Ga.): It is significant to note the 
current interest being given circuit breakers. 
Heavy power demands and extended inter¬ 
connections are beginning to shove the 
stability problem back into limelight. High¬ 
speed disconnection of faulted transmission 
lines is essential to the promotion of system 
stability. Another justification for faster- 
operating breakers is high-speed switching 
which, in the writer’s opinion, is doing more 
toward improving the quality of electric 
sendee than any one practice adopted dur¬ 
ing the past decade. Not only are the effects 
of reflected voltage disturbances minimized, 
but circuit breakers with high-speed operat¬ 
ing characteristics are reducing the need for 
large expenditures in transmission lines. 
Present-day conditions do not permit con¬ 
structing additional lines where existing lines 
can be made to serve adequately through 
modernization of terminal facilities. New 
lines must be deprived of prewar frills, 
consequently, means must be devised for 
offsetting the effects of increased number of 
line flashovers. There appears to be no 
good reason why a transmission line con¬ 
structed at relatively low cost, equipped 
with high-speed circuit breakers cannot 
render a quality of service equal to that 
rendered over so-called "lightning-proof” 
lines not equipped for high-speed reconnec¬ 
tion to the system. The authors of this 
paper have done a very commendable job in 
exploring the possibility of minimizing the 
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number of contacts required for interrupting 
the arc, thereby simplifying the operator’s 
upkeep problem. Their test results indicate 
little else to be desired from the standpoint 
of arc extinction, and, if I should be per¬ 
mitted to make one suggestion, it would be in 
connection with lessening the time of circuit- 
breaker closing to a value commensurate 
with speed of opening. 

C. P. Garman (Bureau of Power and Light, 
Los Angeles, Calif.): During the early 
stages of design of the Boulder Dam trans¬ 
mission lines, it was realized that high-speed 
switching would increase the transmission 
capacity of these lines. The transient- 
stability curves indicated, however, that 
the greatest gains could be made by shorten¬ 
ing the fault durations to about one tenth 
of a second; anything less than this would 
not give proportionate gains. Therefore, 
oil circuit breakers were purchased for the 
original two circuits with a specified inter¬ 
rupting capacity of 2,500,000 kva and a 
time of opening not to exceed three cycles 
(0.05 second) from one quarter to full inter¬ 
rupting capacity. 

At that time, circuit breakers of this 
speed and capacity had not been built, al¬ 
though information obtained from the test¬ 
ing laboratories of the large electrical manu¬ 
facturers indicated that they could be built. 
Time and experience has substantiated this 
belief, and the benefits obtained from the 
use of high-speed switching have mani¬ 
fested themselves in more ways than in¬ 
creased transmission-line capacity. The 
knowledge gained during the first year of 
operation of the Boulder Dam transmission 
system, however, indicated that certain 
other characteristics not called for in the 
original Westinghouse breakers at Boulder 
were very desirable: that is, time of in¬ 
terruption of currents less than 25 per cent 
of rated capacity. 

When sections of line were dropped at 
Boulder Dam power plant, the time of in¬ 
terrupting the charging current by the 
Westinghouse breakers would, in many 
cases, be in the'order of 8 to 12 cycles. Os¬ 
cillograms, as well as system disturbances, 
indicated that very bad transients were 
present during the last few cycles of arc 
interruption. The extent to which this in¬ 
creased number of cycles required to inter¬ 
rupt charging current affected transient 
disturbances was not known, but it was be¬ 
lieved that most of the transients could be 
eliminated if the charging current could be 
interrupted in five cycles or less, and the. 
oscillograph records show no tendency for 
the arc to restrike after the current wave 
has passed through zero. 

When the third circuit to Boulder Dam 
was under consideration with two additional 
generators included in the high-voltage 
ring bus at the Boulder Dam power plant, 
the interrupting duty requirement was in¬ 
creased to a point somewhat beyond 
3,000,000 kva. It was, therefore, required 
that the additional circuit breakers to be 
provided at Boulder Dam power plant for 
the third circuit should have an interrupt¬ 
ing capacity of 3,500,000 kva, from one 
fourth to full interrupting capacity in three 
cycles, and not to exceed five cycles of arc 
interruption in any event. 

At that time, the Westinghouse company 
indicated it could build a dead-tank-type 
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breaker that would meet these requirements. 
It also indicated that it could develop an 
interrupting device that would increase the 
interrupting capacity of the original dead- 
tank-type breakers at Boulder Dam power 
plant to 3,500,000 kva, and meet the above 
stated time requirements. Negotiations 
were accordingly started between the 
United States Bureau of Reclamation, City 
of Los Angeles Bureau of Power and Light, 
and the Westinghouse company for the 
development and application of this device 
to the breakers in question. 

The paper by Mr. Ludwig and Mr. Leeds 
entitled "A Multiorifice Interrupter for 
High-Voltage Circuit Breakers” describes 
the design and presents an analysis of tests 
made in the company’s new high-power 
laboratory on the device which will be 
installed shortly in the original Westing¬ 
house 287-kv breakers at Boulder Dam 
power plant. 

The multiple-orifice interrupters de¬ 
scribed represent a distinct advance in the 
art of interrupting currents at high voltage 
by devices that generate their own forces to 
affect arc interruption. The test results are 
very gratifying. The oscillograms indi¬ 
cate that the Boulder Dam breakers, when 
rebuilt, will meet all specified requirements 
and interrupt effectively all charging cur¬ 
rents in the order of those existing on the 
Boulder Dam transmission lines in four 
cycles or less without tendency to restrike. 

Cathode-ray-oscillograph records and 
tests indicate that the resistors selected for 
stress distribution across the device effec¬ 
tively dampen transient voltages, since no 
overvoltages were recorded exceeding 100 
per cent of normal crest during a series of 
28 laboratory tests interrupting charging 
currents. 


H. V. Nye (Allis-Chalmers Manufacturing 
Company, West Allis, Wis.): The paper by 
Ludwig and Leeds is an excellent presenta¬ 
tion of the principal design features and 
performance of the breaker described. 

There appears to be two novel features 
in the design of this interrupter which 
merit separate consideration. The first of 
these is the ingenious method employed 
of getting around one of the inherent dis¬ 
advantages of previous high-voltage double¬ 
arc interrupters. I refer to the time ele¬ 
ment required to draw a pressure-producing 
arc before the main arc can be drawn, upon 
which the oil blast is to operate. In the 
breaker described in this paper, both of 
these arcs are drawn almost simultaneously, 
and a great saving in arcing time results. 
This is clearly shown by a comparison of 
Tables III and IV of the paper where a 
138-kv breaker drawing these arcs in scries 
takes about twice the arcing time of the 
230-kv breaker drawing them simultane¬ 
ously. Of course, the mechanical operat¬ 
ing times on these breakers were different, 
the 138-kv breaker requiring 3.8 cycles to 
part contacts as against 2 1 / 2 cycles on the 
230-kv. Nevertheless, the action is very 
clearly brought out by these data. 

The introduction of multiple orifices 
without multiplying the number of arcing 
contacts, while not entirely novel, is very 
effectively done and, I think, presents a 
notable advance over the multiple contact 
devices previously used for many breakers 
of equivalent ratings. In all, the authors 
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are to be complimented on the excellent 
manner in which they have presented their 
subject and for the test data they have 
given comparing the various constructions. 

Oil-Impregnated-Paper 
High-Voltage Condenser 
Bushings for Circuit 
Breakers and Transformers 

Discussion and author's closure of paper 43-54 
by H. J. Lingal, H. L. Cole, and T. R. Watts, 
presented at the AIEE national technical 
meeting, New York, N. Y., January 25-29, 
1943, and published in AIEE TRANSAC¬ 
TIONS, 1943, June section, pages 269-75. 


George A. Matthews (The Detroit Edison 
Company, Detroit, Mich.): H. J. Lingal, 
H. S. Cole, and T. R. Watts should be com¬ 
plimented for their accomplishment that 
they so aptly described in their paper. 

They have described new shop practices 
and a new type of high-voltage condenser 
bushing that has unusually high electrical 
and mechanical strength. The high elec¬ 
trical strength in this new type of bushing is 
obtained through the use of oil-impregnated 
paper as the insulation in the condenser. 
Uniformity in these bushings will be as¬ 
sured by the new tools and shop practices. 
Permanency of strength and long life will be 
obtained by the use of an oil-filled, sealed 
porcelain and metal casing if it remains 
tight. I believe that, excepting as prac¬ 
ticed by The Detroit Edison Company 
since 1936, the condensers in bushings 
have not been wholly encased in porcelain 
and steel. 

In 1936 The Detroit Edison Company 
started to rebuild their Westinghouse 138-kv 
multipiece porcelain compound-filled con¬ 
denser bushings that had been in service 12 
years. It was necessary to do a major job 
of rebuilding because the gaskets had de¬ 
cayed so far that they no longer formed a 
weatherproof seal, and the bushings were 
absorbing water, and the oil in the breaker 
or transformer tanks was syphoning through 
the shellacked paper insulation in the con¬ 
denser with the result that the electrical 
strength of the bushings was very low. Our 
objective in rebuilding was to produce a 
condenser bushing that would be self-pro¬ 
tecting against impulse voltages perma¬ 
nently in a long life and with greatly reduced 
maintenance. 

After sufficient testing it was found that a 
suitable bushing could be produced by oil 
impregnating the 12-year-old condensers, 
then enclosing them in oil-filled and sealed 
casings of porcelain and steel. In order 
that the internal pressure would always be 
greater than the atmospheric pressure 
compressed nitrogen gas was applied. The 
gas pressure varies throughout the tempera¬ 
ture range, —15 degrees Fahrenheit to 
130 degrees Fahrenheit, from 1.5 pounds 
gauge to 14 pounds gauge maximum. 

While experimenting, we found that the 
old shellacked condensers, unimpregnated 
encased in oil and porcelain, failed under the 
first application of a steep front wave, al¬ 


though a 32-inch rod gap was connected in 
parallel. Whereas these same old shel¬ 
lacked paper condensers after vacuum treat¬ 
ment and oil impregnation, encased in the 
same steel and porcelain, oil-filled casings 
were found to be self-protecting against 
front of wave flashover in tests. This in 
our minds definitely proves the value of oil 
impregnation. 

Typical oscillograph data taken from tests 
of oil-impregnated condenser bushings as 
we rebuilt and are now operating them 
follow: 

60-cycle flashover test, before and after impulse 
tests, at 450 kv corrected for standard air conditions 

60-cycle, one-minute holding test at 355 kv 
Impulse Tests: 

Front of wave flashover 

With 43V4-inch rod gap in parallel with the bushing. 
Lower end of bushing immersed in oil as used in 
service 

Wave front rising at approximately 3,000 kv per 
microsecond 

Bushings flashed over 25 times with a negative wave 
Bushing flashed over 100 times with a positive wave 

All flashovers occurred externally, that is, 
above the supporting flanges. 

In the year 1939, after the rebuilt bush¬ 
ings had been in service three years, a 
number of them were taken out of service 
for a check test. They were given 60- 
cycle holding and flashover tests before and 
after 25 positive and five negative impulse 
tests for front of wave, flashover having an 
average crest of 1,750 actual kilovolts. The 
wave front rising at approximately 2,400 
kv per microsecond. After these tests, the 
bushings were taken apart, and examination 
showed that they were not damaged. They 
were then reassembled and returned to 
service. 

These tests were not so severe as the 
initial tests described hereinbefore that we 
ran on these same bushings. This was due 
to the lirailed capacity of the laboratory. 
They were sufficiently severe, however, to 
bring out any objectionable weaknesses. 

At this date we have 500 of these rebuilt 
bushings in service. They differ from this 
new Westinghouse bushing as follows: 

1. They operate with compressed nitrogen gas at a 
pressure above the atmospheric pressure. 

2. Our condenser insulation is shellacked paper 
that was oil impregnated after 12 years of usage. 

3. Gaskets are Neoprene instead of Neoprene cork. 

4. Gasket loading stops are lead instead of Neo¬ 
prene asbestos. 

5. Sliding contact is provided to compensate for 
expansion, whereas the Westinghouse bushing uses 
a diaphragm cap. 

6 . We do not have brazed or soldered joints. 

7. We use an indicating pressure gauge located 
just above the supporting flange instead of an oil- 
level indicator. 

Our reasons for operating these rebuilt 
bushings under gas pressure are twofold: 

1. If a leak should occur, water will not enter as 
long as there is pressure. 

2. If there should be undue temperature rise 
within the bushing, the pressure would be increased. 
Either of these changes from normal conditions 
would be indicated visibly at the pressure gauge 
and as our operators are furnished with an ambient 
temperature-pressure curve, any abnormal condi¬ 
tion of the bushing would be detected within a very 
short time after it occurred. We believe this 
pressure-gauge feature is superioi, as it gives us a 
daily indication of the condition of the bushing, 


thereby making periodic inspection unnecessary. 
The oil-level indicator would not indicate leaks that 
might occur above the surface of the oil, nor would 
it as definitely indicate unwanted temperature rise. 

Although the unnecessarily large number 
of brazed and soldered joints, if well made, 
will not adversely affect the life or cost of 
operating the bushing, they do increase 
however the manufacturing costs and con¬ 
stitute just another thing to watch. It is 
well known that brazed joints are likely 
to be porous unless great care is exercised. 

I suggest that the Neoprene asbestos 
might swell and thereby lift the porcelain 
enough to cause leaks at the gasketed joints. 
We would use lead rings instead of the com¬ 
pound for the stops. 

In conclusion, I state that the data pre¬ 
sented by paper 43-54, as well as consider¬ 
able other data, indicate that oil-impregnated 
paper is the best insulating medium for 
condenser bushings that is known today, 
and that if it is properly protected from 
contamination, it will retain its high elec¬ 
trical strength for many years. 


A. W. Gothberg (Public Service Electric and 
Gas Company, Newark, N. J.): The au¬ 
thors are to be complimented on developing 
a high-voltage bushing having a large reserve 
in working insulation strength, well co¬ 
ordinated insulation, and on establishing the 
impulse flashover and breakdown curves. 
Many mechanical improvements have been 
incorporated to overcome the difficulties and 
defects of earlier types. This bushing is de¬ 
signed to give an excellent factory-assembled 
job, but it lacks the simplicity of assembly 
for satisfactory field maintenance. 

In order to make even minor replace¬ 
ments it is necessary to unsolder two seals, 
one of which is around the threaded stud. 
To back off the-li£tingjug nut past the sol¬ 
der-coated threads and to remake and test 
properly these solder seals after reassembling 
the bushing is not a very convenient field 
job. 

It may be argued that any replacements 
should be made at the factory because of 
the importance of driving out and eliminat¬ 
ing moisture and gases during the filling 
process. There are two answers to this: 

1. If operating companies can make successful 
cable splices where the insulation working stresses 
far exceed the working stresses used in the bushing, 
they should be able to do a proper filling job. 

2. If this bushing requires assembling and refilling 
under such carefully controlled conditions, an effort 
should be made to simplify the design so that it can 
be maintained in the field. 

No large user of high-voltage bushings 
Avants to ship his bushings to the factory for 
the replacement of a porcelain or some minor 
part, particularly if it is to cure an epidemic 
of trouble. Such a procedure may require 
a large number of spares, and in some cases 
it will increase the outage time of the equip¬ 
ment on which the bushing is installed. 
In addition, the handling and shipping 
charges may far exceed the cost of the re¬ 
pairs. 

Although the design of this bushing, both 
from an electrical and mechanical stand¬ 
point, appears to be far superior to its 
forerunners, it is suggested that more 
thought be given to a simplified assembly 
of a bushing from an operator’s viewpoint. 
No matter how perfect a piece of equipment 
appears on test, troubles are bound to occur, 
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especially if they can be caused by external 
conditions. Unless these troubles are major 
ones, they should be capable of being reme¬ 
died in the field, and the equipment 
should be designed accordingly. 


J. B. Whitehead (The Johns Hopkins Uni¬ 
versity, Baltimore, Md.): There are several 
good reasons why the use of oil-impregnated 
paper in condenser bushings and terminals 
should give better performance than those of 
earlier types. In particular, the use of a low 
viscosity oil gives a better degree of satura¬ 
tion and, as is well known, this increases di¬ 
electric strength and stability. Further, the 
use of continuous sheets of paper is a dis¬ 
tinct advantage since it is now generally 
understood that failure of impregnated 
paper insulation in cables usually starts in 
the oil channels between successive turns of 
tape. 

It is doubtful, however, whether full ad¬ 
vantage has as yet been taken of these 
methods for improvement in the bushings 
described by the authors. The methods 
employed here are evidently an approach 
to those used in the assembly of the insula¬ 
tion of the so-called oil-filled cables. Ex¬ 
perience with this type of insulation, how¬ 
ever, has shown that its best properties 
are reached by more careful drying and 
evaporation methods than described by 
these authors. In fact, the length of the 
metal foil layers and the absence of oil 
channels introduce some question as to 
whether complete impregnation may be 
reached even under the programs referred 
to. 

Moreover, it is stated that in the bush¬ 
ings for the higher ranges of voltage it has 
been necessary to use paper tape assembled 
cable fashion on the inner sections of the 
condenser bushings^JChis-naturally intro¬ 
duces the vulnerable oil channel. While the 
average operating voltage gradient is 
relatively low as compared with cable prac¬ 
tice, it is nevertheless desirable that infor¬ 
mation should be given as to the actual 
values of stress which are reached in these 
oil channels, bearing in mind their relatively 
short radius and the differences in dielectric 
constant between paper and oil. 

^ As bearing on the question of impregna¬ 
tion, it would also be helpful if power factor 
stress curves could be given over and above 
the operating range. 

There is one feature of the test results 
which raises a serious question as to whether 
it is possible to compare the performance of 
these bushings with that obtained in the 
best oil-filled cable insulation. Apparently, 
all or most of the failures have taken place 
at the edges of the metal foils forming the 
electrodes of the successive steps of capaci¬ 
tance. This means that there is a weaker 
point in the bushing than the weakest 
point in the impregnated paper insulation 
waU. In my judgment still further per¬ 
formance and still further utilization of the 
advantages of oil-filled insulation will be 
obtained by further protection or stress 
reduction at the edges‘of the metal foil 
layers. 


H. J. Lingal: In reference to discussions pre¬ 
sented by G. A. Matthews and J. B. White¬ 
head, it is necessary to wind the inner layers 
of the condensers for the higher-voltage 


bushings from tape or strip applied helically 
around the conductor, since machines are 
not available for winding sheets more than 
100 inches wide. In this type of winding, in 
bushings as in cable, small oil-filled channels 
exist between adjacent turns in a layer of 
paper. Although Dr. Whitehead has shown 
that failure of oil-impregnated paper in 
cables usually starts in these small channels, 
there is no cause for alarm about them in 
the condenser bushings, as the operating 
voltage gradient is only about one third as 
high as in cables where the same type of 
channels are present. Furthermore, in ca¬ 
bles the voltage gradient inherently increases 
sharply to a maximum at the surface of the 
conductor, while in a condenser bushing 
there are many coaxial cylinders of copper 
foil, dividing the insulation into layers ap¬ 
proximately 0.1 inch thick, having practi¬ 
cally equal voltage on each layer. This 
result could be accomplished in cables only 
by using graded insulating materials, hav¬ 
ing a lower dielectric constant in each suc¬ 
cessive layer, and obviously, not many such 
layers are feasible. 

In bushing condensers using the same 
insulating material throughout, the funda¬ 
mental principle of design provides a volt¬ 
age divider comprising many coaxial cyl¬ 
inder capacitors of equal capacitance in 
series. By proper correlation of the in¬ 
crease in diameter with the uniform de¬ 
crease in length of the successive copper-foil 
cylinders in the stepped and tapered ends 
of the bushing condenser, the total applied 
voltage is divided equally among the many 
concentric layers. 

Therefore, even though the paper tape, 
admittedly somewhat inferior to the con¬ 
tinuous sheets of paper, is used for the 
innermost layers of the larger bushing con¬ 
densers, it is not subjected to a higher- 
voltage gradient. The fact that a large 
margin of safety exists is borne out not only 
by laboratory tests, but also by 1,500 bush¬ 
ing-years of actual field service as reported 
by Mr. Matthews. 

However, when machines for winding 
paper more than 100 inches wide become 
available, they will probably be adopted 
for winding the larger bushing condensers, 
mainly to reduce time and cost of winding. 

During the testing of the two bushings on 
which test data are given in the paper, 
power-factor measurements were taken at 
voltages up to 200 kv. The values ob¬ 
tained from these measurements, when 
plotted, form practically a straight line, 
indicating the absence of corona which 
might be expected if impregnation was not 
complete. Radio influence voltage meas¬ 
urements confirmed this indication. 

The degassed oil for impregnating quickly 
absorbs any residue of air left in the con¬ 
denser at the end of the evacuating opera¬ 
tion which removes 99 1 /3 per cent or more 
of all free air. The completeness has been 
tested by unwinding a number of bushings 
after they had been put through the evacu¬ 
ating and impregnating treatment. Fur¬ 
thermore, the routine overvoltage test on 
each bushing is sufficient to puncture any 
layer which is not thoroughly oil-impreg¬ 
nated. Any such puncture on test is ob¬ 
served readily on the testing transformer 
instruments at the time and also revealed 
by the subsequent tap voltage test and 
Schering bridge readings. 

The final tests on the 196-kv bushing 


were made in an oil tank. Before these 
tests, the condenser was exposed to air for 
considerable time. During the exposure to 
air, we suspect that some oil near the sur¬ 
face was drained out and replaced by air, 
and that when the condenser was immersed 
in oil in the test tank, a part of this air was 
trapped in the paper at the ends of the 
condenser steps. The breakdown of this 
entrapped air is believed mainly responsible 
for the breakdowns occurring at the ends 
of the foils. However, there is inherently a 
slight concentration of stress at the ends of 
each foil cylinder because of electrostatic 
flux fringing out to the longer foil cylinder 
of the next layer inside. 

In the discussions some materials and de¬ 
tails of construction were criticized con¬ 
structively. In many cases a designer has 
available several suitable materials from 
which a selection can be made. The one he 
uses should have a background or record of 
service that will justify the designer's 
choice. In selecting Cork Neoprene seal¬ 
ing gaskets, and Asbestos Neoprene stop 
gaskets, the designers chose materials with 
which we have at least a decade of highly 
satisfactory experience on many thousands 
of bushings built and in service. 

In these bushings the use of castings, 
where oil, air, or moisture tightness is re¬ 
quired, has been abandoned. Such parts 
are made from sheet or rolled sections or 
tubes. This type of construction, together 
with the need to use the minimum of critical 
materials, has dictated the use of welding 
and brazing to form many parts for which 
castings were formerly used. 

Rebuilt bushings in which the expansion 
space above the oil is filled with nitrogen 
under pressure are described by Mr. 
Matthews. The tightness of the bushings is 
indicated by pressure gauges installed on 
the flange. This is a very reliable means of 
indicating tightness. It lias been con¬ 
sidered in making* the design of the oil- 
impregnated bushing and nitrogen under 
pressure with a suitable pressure indicating 
gauge can be added to the present bushing 
when and if required. It is believed, how¬ 
ever, that the simple magnetic gauge indi¬ 
cating the oil level is more easily read and 
interpreted by the average maintenance 
man who would have to be trained to inter¬ 
pret the effects of temperature and gas ab¬ 
sorption on the readings from the pressure 
gauge. 

In reply to Mr. Gothberg's discussion, 
the technique required to dismantle and re¬ 
assemble these bushings is difficult only 
to the extent that different tools and some 
new procedure is required to do the job. 
The first requirement is a knowledge of the 
bushing construction and the procedure to 
be followed in dismantling and reassembling 
so that the quality of the rebuilt or repaired 
bushings will be as nearly as possible that 
of a new bushing. With this knowledge, a 
repair can be made by a competent me¬ 
chanic in a surprisingly short time. The 
special tools required for dismantling and re¬ 
assembling the bushing can either be pro¬ 
cured in advance, or readily made when 
needed. A repair on this bushing will be 
no more difficult than many an operation 
now being performed every day by the oper¬ 
ating companies’ maintenance departments. 

These organizations have available skilled 
and experienced workmen. They are ex¬ 
pert in performing many operations re- 
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quiring a high degree of skill with expert 
knowledge of the apparatus. These organi¬ 
zations would not assign a man to rebuild 
a motor, a transformer, a circuit breaker, or 
any other piece of apparatus on their system 
without seeing first that he had been given 
adequate instructions and providing him 
with information on the construction of the 
apparatus and the functions of its various 
parts. Since high-voltage bushings have 
both high service and money value, we have 
recommended that repair or rebuilding be 
done only by those experts in the work who 
have the proper equipment. Unless such 
men are available in the operating company 
maintenance organizations, we feel that 
the cost of returning a bushing to the factory 
is justified if major repairs are to be made. 

The discussions indicate differences of 
opinion regarding some of the mechanical 
design features and the degree of complete¬ 
ness of evacuation and impregnation. A 
complete agreement exists between the 
discussers and authors on the conclusion 
that oil-impregnated paper—well processed 
and protected as in the bushings described 
in the paper—will have unusually high 
dielectric strength and long and trouble- 
free life. 

Application of Lightning 
Protective Devices 
in Wartime 

Discussion and author’s closure of paper 43-63 
by I. W. Gross, presented at the AIEE na¬ 
tional technical meeting. New York, N. Y., 
January 25-29, 1943, and published in 
AIEE TRANSACTIONS, 1943, April sec¬ 
tion, pages 173-5. 


Edward Beck (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Everyone is in agreement with the 
purpose of Mr. Gross’ paper. The war ac¬ 
centuates the importance of the preservation 
of service continuity so that war production 
may be interrupted as little as possible. 
This is the major objective. At the same 
time, more than ordinary emphasis is being 
put upon the need for accomplishing this 
with the minimum amount of time and labor 
devoted to maintenance and repair, and 
with the least amount of material in devices 
whose purpose is to insure continuity of 
power flow. 

The accomplishment of such programs 
will involve, in some cases, saving by spend¬ 
ing spending for additional or more effec¬ 
tive lightning protection, as mentioned in the 
paper. Mr. Gross, however, has put more 
emphasis on the savings that look attractive 
through reduction in arrester ratings and in 
the use of smaller types. The reduction in 
arrester ratings has apparently worked 
out to great advantage on Mr. Gross’ sys¬ 
tems, and he is to be felicitated on the 
careful and effective engineering that has 
gone into this practice. However, its 
general adoption without careful considera¬ 
tion may be loaded with troubles, since 
there are systems on which it is likely to re¬ 
sult in frequent arrester failures causing 
outages thereby interfering with power 


flow. For the most trouble-free operation, 
it is necessary on some systems to apply 
arresters of higher than normal rating. 

At an earlier session, there was presented 
a report of the protective devices com¬ 
mittee on "Correlation of System Over¬ 
voltages and System Grounding Impedance.” 
A perusal of this report is useful in the prob¬ 
lems that arise in arrester application. 
General recommendations may be dan¬ 
gerous, and they carry considerable re¬ 
sponsibility. It is for this reason, probably, 
that it was not possible to obtain complete 
subcommittee agreement on a few of the 
considerations involved in the endeavor to 
insure the greatest degree of uninterrupted 
power flow by the means most economical 
in maintenance, labor, time, and material. 

Regarding the suggestion that the in¬ 
ternal mechanism of the sealed gap elements 
in lightning arresters could be made of iron 
in place of brass, it must be recognized that 
there are certain limitations in the use of 
materials in lightning arrester gaps if good 
consistent operation is to be maintained. 
Probably all lightning arrester manufac¬ 
turers have given serious consideration to 
substitution of materials where possible and 
have put such substitutions into effect 
where it does not interfere with the success¬ 
ful operation of arresters. 

There is another application, not men¬ 
tioned in Mr. Gross’ paper, in which ma¬ 
terial savings may be made. This is in the 
lightning proofing of transmission lines. 
On new construction, overhead ground wires 
and De-ion protector tubes compete for 
this service. For new construction, the 
overhead-ground-wire construction is, in 
general, more economical in dollars. How¬ 
ever, considering the materials involved, 
protector-tube installation will frequently 
protect a transmission line with less ma¬ 
terial than that involved in an adequate 
overhead-ground-wire installation. 
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P. L. Bellaschi (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
Mr. Gross outlines the over all economies 
that may be attained from protective de¬ 
vices applied on a sound engineering basis. 
The application of an 80 per cent arrester 
on grounded neutral systems is a good ex¬ 
ample of a twofold gain in over all economy; 
first, in the use of a lower rating arrester; 
second, in the greater margins of protection 
obtained. However, we would do well to 
emphasize once again that this application 
requires engineering predetermination or 
check-up in each case to the effect that the 
dynamic voltage at no time shall exceed the 
rating of the arrester. Where an 80 per 
cent arrester is permissible, there is the 
possibility of further economy,—transformer 
insulation one class lower than normally 
would be required may be considered. This 
presupposes that the lightning arrester is 
not called upon to discharge excessive surge 
currents. Such may be the conditions in 
well-shielded stations or where lightning 
severity is low. Many transformers with 
reduced insulation are in service. Their 
good record speaks well for this practice. 


I heartily agree with Mr. Gross that a 
good going over of present installations may 
reveal vulnerable points and that the cor¬ 
rection may pay dividends. I have ref¬ 
erence particularly to stations built years 
ago now serving vital zones, to inherently 
low-impulse strength apparatus (such as 
rotating machines, and similar apparatus, 
and so forth) when directly exposed or 
located on low-voltage circuits coupled to 
high-voltage lines through transformers and 
to other cases of the kind. The location of 
the arresters up closer to the transformers 
is one of the usual corrections found. Occa¬ 
sionally, it is found in addition that the 
remedy is to provide up-to-date and efficient 
protective equipment to the apparatus. 
Unfortunately, some of these vulnerable 
spots often come to light after lightning has 
had the opportunity to do the picking, and 
damage has been done. 

In conclusion, I may point out that the 
report of the transformer subcommittee 1 
on the "Protection of Power Transformers 
Against Lightning Surges” as well as the 
recent report on "Correlation of System 
Overvoltages and System-Grounding Im¬ 
pedance” by the working group on correla¬ 
tion of system-grounding impedance, both 
should be of assistance also in the application 
of lightning protective devices. 
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Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): Mr. Gross has 
prepared a stimulating paper on which I 
give the following special comments. 

Section III, item 3 of the paper seems to 
advise the protection of cables subject to 
lightning exposure. All cables connected to 
overhead lines do not require protection. 
Depending upon the possible magnitude of 
entering surges, the lengths of cable, and 
the line and terminal surge impedances, such 
cables are often self-protecting by reducing 
the surge voltages to values which they can 
withstand without damage. For example, 
two 132-kv oil-filled underground six-mile 
lines in Chicago are sufficiently long and 
otherwise meet these conditions, so as not 
to require arrester protection. Other cable 
lines operating at 33, 66, and 132 kv, but of 
relatively short length, have lightning ar¬ 
resters installed at the junction of overhead 
lines and cables. Although some of these 
transmission cables have been in operation 
for as much as 13 to 15 years, no cable, 
pothead, or joint failures have ever resulted 
from lightning on either those cables with 
arresters or the cables that are considered 
self-protecting. 

For the country as a whole, records of 
several years’ operation show that less than 
one per cent of the total failures on cable 
systems are caused by lightning. In 
general, it is necessary to study each indi¬ 
vidual cable installation in order to deter¬ 
mine whether supplemental lightning pro¬ 
tective measures are necessary or justified. 

With reference to item 8 of section III, it 
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should be pointed out that the desirability 
of installing arresters in close circuit prox¬ 
imity to the station or substation equip¬ 
ment does not apply quite so rigorously for 
distribution-line equipment. As indicated 
in my previous AIEE articles, we have 
followed for many years the practice of 
having only one arrester per phase in each 
block on our four-kv distribution system, 
even though there may be transformers 
installed at two or three different places on 
that phase in the block. Our statistical 
studies described by E. H. Grosser, Jr., in 
Electrical World for January 27, 1940, 
showed that an arrester installed one, two, 
or in some cases three spans away protected 
the distribution transformer equally as well 
as an arrester at the transformer pole. This 
extent of protection might, of course, be 
lessened for rural systems. It should, in 
any case, be considered as a means of re¬ 
ducing or avoiding an increase in arrester 
investment to secure a possibly questionable 
gain. 

This suggests an additional point in the 
economics of arrester application, particu¬ 
larly as applied to distribution systems. 
This is the “group” protection of equip¬ 
ment. Where several pieces of electrical 
equipment are in reasonably close proximity, 
they may be adequately protected by a 
single arrester or set of arresters. An ap¬ 
preciable saving in arresters may result 
from this practice which, as stated above, 
we have found to be practicable and satis¬ 
factory. 

Under item 8 also properly belongs the 
suggestion to change where possible on dis¬ 
tribution systems, to the “interconnection” 
method of protection. The tie between 
the lightning arrester ground and the sec¬ 
ondary neutral of the distribution system 
involves no critical material other than a 
few feet of wire, yet has been found to 
afford a considerable reduction in lightning 
troubles. 

An additional point that appears to 
be of importance is the maintenance of 
lightning arrester grounds. The value of 
low resistance grounds, except for those 
cases where the ground is not directly in¬ 
volved in the protective scheme cannot be 
too strongly emphasized. Periodic testing of 
grounds is advised with reduction in ground 
resistance being made as appears necessary. 
Even the use of additional ground rods to 
improve grounds of high resistance may 
sometimesbeconsidered justifiable, although 
semicritical materials may be involved. 

W. J. Rudge (General Electric Company, 
Pittsfield, Mass.): Mr. Gross is to be 
complimented on his straightforward treat¬ 
ment and presentation of a subject contain¬ 
ing such a diversity of viewpoints. 

As a representative of a manufacturer, 
we wish to emphasize the importance of 
Mr. Gross’ statement that 

“It is not the intent of this paper to imply that the 
suggested methods of protection and practices are 
suitable for universal application.” 

We wish to urge that, in each particular 
case where consideration is given to the 
application of the suggested measures, the 
latter be looked at in the light of the follow¬ 
ing questions. 

}• Wl11 Protection to important apparatus be 
improved? 


2. Will service to important war loads be im¬ 
proved? 

3. Does the use of the small amount of critical 
materials involved in arrester protection more than 
offset the risk of damage to important apparatus 
which involves many times greater amount of 
critical materials, and which is difficult to replace 
or requires many man-hours to repair the damage? 

The suggestion of using reduced rating of 
arresters has proved satisfactory on a few 
well-regulated and well-grounded systems. 
However, unless the system is well-grounded 
and well-regulated, experience has shown 
that the use of arrester ratings below those 
now listed as standard by the manufacturers 
for grounded neutral systems will result in 
an increase in the number of arresters which 
are damaged by excessive voltage with a 
corresponding increase in service interrup¬ 
tions, and exposure of apparatus to failure 
while the failed arrester is being replaced. 

Therefore, when contemplating such 
measures, one not only should be familiar 
with system operating practices but also 
should be familiar with the arrester char¬ 
acteristics and application data published 
both in the AIEE standards and manu¬ 
facturer’s literature. This is necessary to 
avoid misapplications that would otherwise 
result in destruction of critical materials 
and loss of service to important war loads. 

When considering the possibility of using 
line-type arresters in place of station-type 
arresters, the relative protective levels of 
the two devices should be kept in mind. A 
co-ordination study should be made to 
determine how much encroachment there 
will be on the margin of protection, particu¬ 
larly when old transformers are involved. 
The protective levels of both line- and sta¬ 
tion-type arresters have been presented to 
the Institute in the form of lightning ar¬ 
rester subcommittee reports. These data 
show that the IR discharge voltage of a 
line-type arrester rated 73 kv is approxi¬ 
mately 25 per cent higher at 5,000-ampere 
or 20,000-ampere discharge currents than for 
the station-type arrester. Also, that the 
discharge voltage (IR drop) of the station- 
type arrester when discharging 20,000 am¬ 
peres is no higher than that of the line- 
type arresters when discharging only 4,000- 
5,000 amperes. It should be realized that 
the station-type arrester is a more rugged 
device and has higher discharge current- 
carrying capacity. It also should be of 
interest that Thyrite station-type ar¬ 
resters actually use less copper and copper 
alloy than Thyrite line-type arresters of 
equivalent rating. 

Mr. Gross suggests use of arrester pro¬ 
tection on machines which are not so pro¬ 
tected at present. This suggestion war¬ 
rants serious consideration, particularly 
during the war when replacement of ma¬ 
chines, or repair parts involving critical 
materials, and man-hours for repairs should 
be kept to a minimum, and when loss of 
service of the machine is so vitally conse¬ 
quential. The amount of critical materials 
involved in arrester protection is almost 
always extremely small as compared with 
similar or even more critical materials in 
machines or other apparatus to be protected. 

The paper mentions the possibility of 
using other devices such as protector tubes, 
open air gaps, or control gaps. To avoid 
misinterpretation by the user the recog¬ 
nized limitations of these devices should not 
be overlooked. For example, high-voltage 
protector tubes will not hold the impulse 


voltage below the transformer BIL value 
but are suitable for protection of line in¬ 
sulation, disconnecting switches, and so 
forth. The report “Protection of Power 
Transformers Against Lightning Surges” 
presented by the Institute lightning ar¬ 
rester transformer subcommittee stales: 

“The rod gap is not fundamentally a good protective 
device because if selected to protect the apparatus 
at the long times it will not provide protection at 
the short times. On the other hand, if it is set to 
provide adequate protection at the short times, the 
gap will be so short it will be susceptible to frequent 
flashover because of switching transients and minor 
lightning surges.” 

If the substitution of plain gaps for ar¬ 
resters risks a failure of only one medium- 
sized transformer, it is doubtful if their use 
could be justified because the critical ma¬ 
terials used in the one transformer would 
exceed by far the critical materials used in 
all of the arresters on the entire system to 
say nothing of the labor required to place 
the transformer in service, having it re¬ 
wound, and the possible loss of load to some 
important industry. For example, one 
average size, single-phase transformer 5,000- 
kva, 66-kv, has approximately 660 times 
as much copper and 120 times as much steel 
as one single-pole station-type Thyrite ar¬ 
rester rated 73 kv. 

In this connection, it is of interest to note 
that even a small size distribution trans¬ 
former, say 10-kva 2,400-volt, contains 
47 times as much copper and 200 times as 
much steel as contained on a modern dis¬ 
tribution arrester used to protect and pre¬ 
serve the transformer. 

In connection with the rebuilding of old 
arresters, we wish to point out that the old 
arresters of the aluminum-cell type use 
decidedly more critical material per kilovolt 
of rating than modern arresters. The same 
could be said of the oxide-film type. There¬ 
fore, if the suggestion for rebuilding old ar¬ 
resters involves materials which the user 
already has on hand, it is reasonable. How¬ 
ever, if the rebuilding of these older ar¬ 
resters involves purchase of new supply 
parts, these very likely will require more 
critical materials than if the old arresters 
were retired, and their critical materials 
salvaged and modern arresters using less 
critical materials and giving more reliable 
protection are installed. 

Mr. Gross mentions the critical materials 
used in arrester manufacture. In this con¬ 
nection, the General Electric Company has 
saved approximately 100,000 pounds of 
aluminum per year by substituting gal¬ 
vanized, fabricated steel fittings for ar¬ 
resters. The critical materials in a modern 
station arrester amount to only 20 per cent 
by weight. 

We believe that all manufacturers have 
already complied with the request that the 
use of strategic and critical materials be 
avoided where possible, or kept to a mini¬ 
mum quantity where it is impracticable to 
make substitutions. Mr. Gross has sug¬ 
gested that the internal mechanism of the 
sealed gap elements be made of iron instead 
of brass. However, the so-called “non¬ 
arcing” property of brass has been recog¬ 
nized for many years as essential for proper 
arrester operation, and no practicable sub¬ 
stitute has been found for this small amount 
of brass used in arresters. 

Mr. Gross mentions testing and the main¬ 
tenance of arresters, and we concur that 
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regular routine inspection of the equipment 
with carefully planned maintenance should 
be made to keep arresters, as well as all 
electrical apparatus, in the best possible 
condition as a wartime measure. We feel 
that testing of arresters may be advan¬ 
tageous in some cases, but it should be rec¬ 
ognized that testing not only uses man¬ 
hours which might be employed to better 
advantages but also necessitates removal 
of apparatus from service. 


M. C. Westrate (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
This is a very timely paper and might well 
be titled, "How Lightning Arrester Appli¬ 
cation Helps the War Effort” since most of 
the items covered represent current prac¬ 
tice regardless of the war. 

Under "Reduced Rated Arresters” the 
application of arresters on a 132-kv system 
is given as an example, intimating that the 
rating of apparatus should be five per cent 
higher. This is not current practice, and 
it is believed that 138 kv is the preferred 
system voltage rating. 

Protection of equipment not already pro¬ 
tected is rather difficult to justify at this 
time. However, good engineering and 
common sense would indicate that protec¬ 
tion should be added or improved where 
experience has shown it to be necessary. 
A word of caution would be well to the effect 
that protection should not be neglected on 
new or temporary installations which might 
be somewhat tempting and which might 
later prove to be pennywise and pound- 
foolish. 

The testing of lightning arresters is per¬ 
haps the most important part of this paper 
as far as the war is concerned. No doubt 
many users have arresters which it might 
be desirable to move or put back in service, 
provided they can be tested to assure satis¬ 
factory operation. Leakage current, volt¬ 
age breakdown, and power-factor tests 
have been offered but are not adequate, and 
any contribution which can be made as to 
the best way to field test lightning arresters 
would be very helpful. 


H. C.Louis (Consolidated Gas Electric Light 
and Power Company of Baltimore, Balti¬ 
more, Md.): I wish to discuss particularly 
that section of the paper relating to possible 
savings from the application of reduced 
rated arresters. Actual experience on the 
Baltimore system with arresters rated below 
the 80 per cent limit has shown some very un¬ 
satisfactory results on the solidly grounded 
neutral systems of the various voltages used 
by us. These lower rated arresters had 
been applied in order to obtain maximum 
protection of apparatus especially of older 
types. Losses of these arresters were such, 
not only during lightning storms but also at 
times when there were no disturbances, as 
to result in unnecessary service interruptions. 

A lightning arrester should provide maxi¬ 
mum protection with minimum interruption 
of service. The degree of protection should 
be balanced against service interruptions 
caused by arrester failures. The Baltimore 
experience definitely indicated excessive 
arrester losses with needless service inter¬ 
ruptions from the application of arresters 
rated below 80 per cent. On the other hand, 
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modem arresters rated at 80 per cent are 
apparently providing the proper degree of 
protection to apparatus, and application of 
these to solidly grounded neutral systems is 
now our standard practice. 

We are, of course, sympathetic to actions 
contributing to conservation of material 
and labor and the war effort, but these 
should include a consideration of all factors. 
The very small original savings of material 
and labor from the use of reduced rated 
arresters may be offset many times by need¬ 
less arrester losses and service interruptions 
possibly affecting war production. 

E. E. Piepho (The Detroit Edison Company, 
Detroit, Mich.): This paper would have 
been timely before the war; it is doubly so 
now that we must conserve materials needed 
for war production. Such conservation 
should be exercised when devising new instal¬ 
lations of lightning arresters. It can be 
realized also by providing better lightning 
protection for existing equipment, thus 
prolonging its life and by rebuilding old- 
style lightning arresters to improve their 
effectiveness. 

Since lightning arresters are usually con¬ 
nected between line and ground, they are 
required to withstand only the system volt¬ 
ages which may occur between line and 
earth at the point of connection. These 
voltages may be predicted with reasonable 
accuracy for normal conditions and for 
various fault conditions on the system. 
Methods for calculating line-to-ground volt¬ 
ages during system faults have been ably 
discussed in the technical literature in the 
past few years. Consequently, there should 
be little difficulty in applying arresters to 
withstand maximum system voltage condi¬ 
tions. 

Early application of arresters was deter¬ 
mined by the line-to-line voltage. This 
may be correct for systems with ungrounded 
neutrals, or with neutrals purposely 
grounded through reactance or resistance; 
but it is a very inefficient application for 
solidly grounded systems. Realization of 
this fact led to the eighty per cent rule, 
whereby arresters rated only eighty per 
cent of the line-to-line voltage could be used 
on solidly grounded neutral systems. 

If it were possible to stabilize earth poten¬ 
tial at the system neutral, this could have 
been a sixty per cent rule, since line-to- 
neutral voltage is only fifty-eight per cent 
of line voltage. This may be possible in sta¬ 
tions where grounding transformers are lo¬ 
cated, but calculations usually show more or 
less shift of earth potential from neutral for 
certain fault conditions. It is not at all un¬ 
common, however, to find that seventy to 
seventy-five per cent arresters can be used on 
a solidly grounded system with no greater 
risk than using full-rated arresters on an un¬ 
grounded system. Better protection may 
thus be provided with some saving in arrester 
materials. 

For the past ten years The Detroit Edison 
Company has used arresters on its 120-kv 
and 24-kv solidly grounded systems with 
ratings ranging from sixty-five to eighty 
per cent of line voltage. The failure rate 
of these arresters has averaged approxi¬ 
mately the same as for the six-kv arresters 
used on our ungrounded five-kv distribution 
system. These latter arresters, you will 
note, are rated 120 per cent of line voltage. 
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Two years ago, in order to improve volt¬ 
age regulation, we changed over a part of the 
24-kv system to 41.6 kv by reconnecting 
substation transformer banks from delta- 
delta to wye-delta. Since the transformers 
were insulated for 24 kv, it was necessary 
to use the lowest rated arresters possible 
in order to provide adequate protection. 
The neutrals of transformer banks were 
grounded at various points on this system 
so that the maximum line-to-ground voltage 
under fault conditions would not exceed 
120 per cent normal, which made it possible 
to use 30-kv arresters. Up to the present 
there have been no transformer or arrester 
failures. 

Considerable saving of arrester materials 
can be realized by salvage of old equipment. 
Older style arresters which have ordinarily 
been discarded because of low insulation as 
shown by Megger test, can be renewed by 
cleaning insulating parts such as the wood 
supports of oxide-film arresters, or in the 
case of autovalve arresters, cleaning gap 
parts, wiping dust off the carborundum 
discs, and replacing mica spacers. Leaky 
hardware seals can also be renewed by 
chipping out cracked cement with an elec¬ 
tric-driven chipper and replacing the cement 
after applying a sealing coat of asphaltum 
paint. 

When reconditioning old arresters, we 
take the occasion to rebuild them for re¬ 
duced rating in accordance with present 
practice. For this purpose, the arrester 
rating is calculated by allowing 300 volts 
per cell of the oxide-film arrester and 170 
volts per jnica-spaced gap of the autovalve 
arrester. 

Protector tubes which have eroded be¬ 
yond their current requirements, but not to 
destruction, can be renewed by removing 
the hardware, and replacing the inner fiber 
tube and fused electrodes with parts of 
original dimensions. This can be done 
easily with a substantial net saving of 
material. 

Older types of apparatus such as street¬ 
lighting switches, air-blast regulators and 
transformers, and generators or motors with 
old insulation can be kept in service by 
improved lightning protection. We have 
been able to continue use of an old-style 
street-lighting switch by applying additional 
lightning arresters. Specifically, this re¬ 
quired a low-cost arrester close to the vul¬ 
nerable parts. Old air-blast induction regu¬ 
lators have been kept in reliable service 
by the use of protective condensers and 
arresters on the line side. This is expen¬ 
sive protection but relatively cheap com¬ 
pared with repair or replacement cost of 
such regulators. Similar protection has 
been used successfully on old generators 
and motors whose insulation level is too 
low for ordinary arrester protection. 

The methods which have been described 
are only a few of the many ways whereby 
critical materials can be saved. Some of 
these methods can be made available to our 
customers as well. Ordinarily, we can 
afford to follow broad policies in the appli¬ 
cation of arresters, but these are the times 
when we must consider such applications in 
greater detail, especially as they affect the 
materials now in great demand. 

I. W. Gross: The use of reduced rated ar¬ 
resters has received considerable comment, 
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some of it critical and some going even fur¬ 
ther in applying reduced ratings than out¬ 
lined in the paper. We therefore find our¬ 
selves -faced with the situation where Mr. 
Beck is suggesting applying arresters in 
some cases with a rating higher than normal 
line-to-line voltage of the system; and Mr. 
Budge seems skeptical about applying re¬ 
duced rated arresters below the 80 per cent 
level given in manufacturers' literature. 
Mr. Piepho, with satisfactory experience, 
uses arresters as low as 60 per cent of full 
rating. 

The principle is laid down in the paper 
that for best results arresters should be ap¬ 
plied on the basis of the maximum 60-cycle 
voltage expected across their terminals in 
service.” In our first extensive application 
of arresters on this basis, we disregarded the 
manufacturer’s rating of the arrester and 
got down to the real fundamental, which 
was f What was the safe 60-Cycle voltage 
across the arrester?” We then selected an 
arrester rated not less than this and, with 
the courage of our convictions, made ex¬ 
tensive changes on our 132-kv system ac¬ 
cordingly. While this change was made 
largely on the oxide-film arresters, we also 
started using the newer or modern type on 
the same basis at that time. It is inter¬ 
esting to note that our experience on our 
extensive 132-kv system has been that where 
these reduced rated arresters were applied 
as above indicated, we have never ex¬ 
perienced in the last twelve years a failure 
of an arrester or lightning failure of equip¬ 
ment protected by such arresters. 

The point which it was intended to em¬ 
phasize in the paper was that, if arresters 
are applied on the basis of voltage expected 
across their terminals in service, consider¬ 
able savings in arresters, arrester and trans¬ 
former materials, and equipment failures 
might be possible. That principle it still 
is believed is sound, and the experience of 
others (Piepho, Lewis, and Halperin, and 
our own) seems to bear this point out com¬ 
pletely. In other words, results of actual 
practice seem far to outweigh the specula¬ 
tive fears and doubts of Rudge and Beck. 

Mr. Beck apparently has the mistaken 
idea that too much emphasis was given in 
the paper to the savings that look attractive 
through reduction of arrester ratings and the 
use of smaller types. It should be pointed 
out, however, that there was no intent to 
put undue emphasis on any one of the nine 
items presented and discussed in the paper, 
and I am at a loss to understand why he 
feete that emphasis has been placed in 
particular on any one of them. The intent 
was merely to present the different items of 
possible savings, discuss them, and leave to 
the reader the constructive use of any one 
or more of them as he found it would pro¬ 
duce material benefits to his system and as 
an aid in saving critical materials. 

On the subject of using line-type distri¬ 
bution arresters in the place of station-type 
Mr. Bellaschi mentions that the 80 per cent 
arrester is predicated on its not being called 
upon to discharge excessive surge currents. 
This factor of high discharge current capa¬ 
bilities of arresters seems to the writer to 
be somewhat overdone. Actually, experi¬ 


ence, so far as we are aware, indicates that 
the maximum lightning current in distri¬ 
bution arresters out on lines is something in 
the order of 35,000 amperes. At stations 
where a large amount of equipment is usu¬ 
ally located, the highest lightning current 
discharged by arresters is in the order of 
15,000 amperes. Both of these currents 
are well within the capabilities of present- 
day distribution line-type and station-type 
arresters. There should be no question, 
therefore, of any serious trouble from fail¬ 
ures of modern arresters because of exces¬ 
sive lightning currents. 

< Mr. Rudge seems to be averse to using 
line-type arresters in the place of station- 
type and predicates his position on the 
published characteristics of the arresters 
showing that station-type arresters have a 
lower protective level than the line-type and 
also higher capabilities of lightning current 
discharge. As mentioned above, the light¬ 
ning discharge capabilities of modern ar¬ 
resters are certainly not important, even if 
they should be considered at all. Regard¬ 
ing the second point of voltage levels held 
by the two types of arresters, it might be 
well to consider the fact that distribution- 
type equipment in general up to the 15-kv 
class inclusive has a lower impulse strength 
than similar equipment in the so-called 
power class. Yet we find the power equip¬ 
ment used at stations where Mr. Rudge 
would apparently recommend using a sta¬ 
tion-type arrester holding the level below 
the distribution arrester. That is, he is 
adding two factors of safety at the station 
where the power class of equipment has an 
impulse level higher than the distribution 
class, and the station-type arrester holds 
the level below that of the line-type. This 
point of view it is hard to reconcile. 

In viewing this condition further, we 
note that lightning conditions of severity are 
apt to be greater at distribution equipment 
on the line than at power equipment in the 
station. . A setup such as this seems de¬ 
cidedly illogical, and we cannot help but 
feel that in the future more consideration 
should be given to applying less expensive 
arresters in a station than is now currently 
recommended by catalog literature. 

We have spent, a great deal of time, 
money, and effort in the past in determin¬ 
ing lightning conditions in the field as they 
actually appear at or on different pieces of 
equipment, and if we are not in a position 
today to do a better job of applying light¬ 
ning arresters on the basis of their 60-cycle 
rating and their protective characteristics 
and obtaining improved protection of 
equipment, we lay ourselves open to the 
accusation of negligence, at least, in not 
applying the knowledge we have gained 
from the last fifteen years or so of field re¬ 
search on natural lightning as it affects the 
transmission system. 

Mr. Halperin’s point that long cables are 
self-protective is very well taken, and we 
are glad to note that his experience bears 
out the theory on this point. Also, his 
scheme of protecting block areas by one 
arrester is also an ingenious application of 
arrester protection on an economical basis. 
Planned foresight and courage in applica¬ 


tions of this kind to determine from experi¬ 
ence what results may be obtained are 
certainly to be encouraged. In the paper 
the reference to locating arresters one pole 
distance from a transformer perhaps should 
have been amplified to indicate that the 
type of setup in mind was confined to single 
banks of transformers where an arrester 
was applied to supply protection only to 
such a bank. Where such applications are 
made, it is considered desirable that the 
arrester be placed at the transformer itself 
rather than a pole distance away in accord¬ 
ance with somewhat ancient practice. 

Mr. Rudge has commented on other pro¬ 
tective devices such as protector tubes, open 
air gaps, and control gaps tending to indi¬ 
cate that they do not supply as good pro¬ 
tection as lightning arresters. The pur¬ 
pose, of the paper was not to discuss the 
relative protective merits of the devices 
themselves, but merely to indicate that 
where protection is required, there are other 
devices that can be used and have been 
used successfully in addition to lightning 
arresters. All of the devices are known to 
have been used in certain cases of applica¬ 
tion with success. The comparative pro¬ 
tective features of these devices can be 
found in engineering literature and, if ap¬ 
plied on a sound basis, should give some de¬ 
gree of protection. 

Mr. Westrate takes exception to the use 
of the time honored system of voltage rating, 
namely, 132 kv, and says that this is not 
current practice but that ”138 kv is the 
'preferred system voltage rating.’” The 
paper referred to a "132-kv nominal sys¬ 
tem.” In our company we have adopted 
the standard of using the 132 kv as the 
nominal system voltage. This practice has 
numerous advantages and is quite in line 
with the National Electric Light Association 
publication 043, April 1930, entitled, "Pre¬ 
ferred Voltage Ratings for A-C Systems and 
Equipment,” as they also define the 
"nominal system voltage is for convenience 
and designations but not as a basis for de¬ 
sign.” As a convenience for references on 
drawings, reports, and so forth, this practice 
which is being used by us at the present time 
is much more convenient and less readily 
misunderstood than the 138-kv type of 
designation. 

The point brought out by Mr. Piepho 
that by better application of arresters 
where old equipment is involved, such equip¬ 
ment can be kept in service longer, is very 
well taken. 

The author is most appreciative to those 
who have offered discussions on this paper 
in bringing out and emphasizing some of the 
points which appeal to them as being im¬ 
portant either in the way of supplying sup¬ 
porting data or in emphasizing what pre¬ 
cautions should be taken in applying some 
of the suggestions covered by the paper. 

As mentioned in the paper itself, it was in¬ 
tended to have this material published as a 
committee report, and it may be clear to 
some of the readers of the paper from the 
discussions why it was impossible to get 
agreement among some dozen lightning- 
protection specialists on a subject where 
there are so many various factors involved. 
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The Cathode-Ray Oscillo¬ 
graph Applied to Long- 
Time Switching Transients 

Discussion and authors' closure of paper 43-35 
by G. W. Dunlap and N. Rohats, presented at 
the AIEE national technical meeting, New 
y rk, N. y., January 25-29, 1943, and pub¬ 
lished in AIEE TRANSACTIONS, 1943, 
May section, pages 231-4. 


J.H.Hagenguth (GeneralElectric Company, 
Pittsfield, Mass.): The authors have given 
a very thorough description of the cathode- 
ray oscillograph which has been found to be 
very useful in the high-voltage engineering 
laboratory of the General Electric Company, 
both for laboratory and field tests. Its par¬ 
ticular use, of course, is preferable to the 
magnetic oscillograph wherever transients 
have to be measured at points where only 
high impedances can be connected without 
distorting the phenomena to be measured. 

It would seem of interest to mention that 
the circuit diagram of Figure 4 of the paper 
can be considerably reduced in the number 
of tubes as shown in Figure 1 of this discus¬ 
sion. As can be seen, two thyratrons have 
been omitted from this circuit. The remain¬ 
ing thyratron serves both as an initiating 
device for the cathode beam as well as the 
switch for the relay operation to shift the 
film drum. By this means the total power 
required is of the order of 130 watts. Conse¬ 
quently, this oscillograph can be used as a 
battery-operated device. This also has been 
indicated in Figure 1 of this discussion, the 
conversion from the battery voltage being 
obtained by a dynamotor. This allows the 
oscillograph to be used on isolated circuits, 
measuring line currents directly without use 
of a current transformer. 

The use of one initiation tube only re¬ 
quires that a unidirectional initiation im¬ 
pulse is changed to an oscillatory transient 
of relatively high frequency. This has been 
accomplished in some cases by means of cur¬ 
rent transformers so that the oscillograph 
could be initiated regardless of polarity 
within five microseconds. Since the oscillo¬ 


graph is intended, to measure long-time 
transients only, the loss of the first few 
microseconds is unimportant. 

In the laboratory the instrument has been 
found useful in the measurement of voltage 
distribution on capacitance devices during 
flashover, sixty-cycle flashover, and hold 
tests. Other uses for that kind of instrument 
would be to evaluate the voltage distribu¬ 
tions within the windings on certain types of 
transformers during switching disturbances 
which may have a frequency of several 
thousand cycles. 

This instrument has become a very neces¬ 
sary and useful complimentary tool to the 
magnetic oscillograph. 

W. F. Skeats (General Electric Company, 
Philadelphia, Pa.): The authors are to be 
congratulated upon developing a conven¬ 
iently portable tool for measuring switching 
transients of relatively low frequencies. The 
oscillograph has proved convenient to 
work with, while at the same time giving 
very satisfactory results. 

It has for some time been appreciated that 
the cathode ray oscillograph together with a 
potentiometer could be expected to perform 
more accurately on high frequency tran¬ 
sients than the magnetic oscillograph in com¬ 
bination with a potential transformer. The 
lower curve of Figure 6 serves as an indica¬ 
tion that the same thing is true for very low 
frequency transients. It will be noticed that 
at the time of interruption a unidirectional 
voltage of about twice normal crest value re¬ 
mained on the line for a period of several 
cycles. This could not have been recorded 
with any degree of accuracy with a potential 
transformer, but it was recorded with negli¬ 
gible error by the potentiometer oscillograph 
combination which was employed. 


G. W. Dunlap and N. Rohats: The authors 
wish to thank the discussers, W. F. Skeats 
and J. H. Hagenguth, for their contribu¬ 
tions. The oscillograph described was origi¬ 
nally designed for operation without attend¬ 
ance. Therefore, if built for ordinary use, 
some further simplification in addition to 
that mentioned by Mr. Hagenguth would be 
possible. The automatic film drum shifting 



Figure 1. Oscillograph con¬ 
nection for battery operation 


devices could be eliminated in favor of hand 
shifting or a lighter and smaller single 
record film holder. Also a third tube could 
be added, if there were no objection to a 
fixed displacement along the time axis of 
this third tube record. 


Cooling Power Transformers 
by Forced Circulation 
of Cooling Medium 


Discussion and authors’ closure of paper 43-56 
by K. K. Paluev and L. H. Burnham, pre¬ 
sented at the AIEE national technical meeting, 
New York, N. V\, January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
May section, pages 215-21. 


W. C. Sealey (Allis-Clialmers Manufactur¬ 
ing Company, Milwaukee, Wis.): The 

use of forced-oil cooling of transformers is 
old, but in order to save critical material 
it has been adopted for cooling a large 
number of transformers built recently. 
This increased use has stimulated develop¬ 
ment, so that modern forced-oil cooling 
overcomes many of the objectionable fea¬ 
tures of former systems. The most modern 
of these developments consists of a totally 
enclosed motor and pump in one housing 
to circulate the oil through an oil-to-air 
heat exchanger. This modern cooling unit 
is entirely self-contained and self-supporting 
by its piping, eliminating the usual plumbing 
and auxiliary fastening of the unit to the 
tank or separate supports. 

The authors’ attention is called to the 
fact that the advantages which they claim 
or infer as applying only to core-type trans¬ 
formers apply equally well to shell-type 
transformers, so that it is practicable to 
build transformers either with directed or 
nondirected flow core type or shell type. 
As a matter of fact, such transformers 
have' been built and are being built both 
core type and shell lype. 


Henry M. Hobart (consulting engineer, 
Schenectady, N. Y.): Several trans¬ 

former manufacturers at present are ad¬ 
vocating a metal-sealed type of power 
transformer and forced circulation of the 
cooling medium and are supplying excellent 
power transformers whose designs embody 
the required features. A principal object 
is stated to be the assisting of the war effort 
by decreasing the amount of critical metal 
required. The precise arrangements em¬ 
ployed by the different manufacturers differ 
from one another in some respects, such as 
in the extent to which the forced flow of the 
medium is directed. In all cases, however, 
the circulated medium is eiLher a mineral 
oil or some synthetic liquid which is con¬ 
sidered better than mineral oil, particu¬ 
larly with respect to being noninflammable 
and nonsludging. Several such synthetic 
liquids have been developed for power- 
transformer use. Among these may be 
mentioned: Asbestol, Chlorextol, Inerteen, 
and Pyranol. 

The authors of the paper under discussion, 
Paluev and Burnham, do not even mention 
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the use of compressed gas as the circulating 
medium. It must be presumed that they 
do not regard compressed gas as being a 
practical alternative. For many years, 
the writer has found it difficult to account 


for the extraordinary devotion displayed 
by experienced transformer specialists for 
mineral transformer oil and the synthetic 
noninflamrnable nonsludging alternatives. 
The ordinary, and widely employed mineral 
transformer oil requires that the tempera¬ 
ture of the oil shall, in service, never be al¬ 
lowed to exceed 90 degrees centigrade at 
any part. Higher temperatures will occa¬ 
sion sludge formation, impairing the heat 
transfer, clogging the ducts, with consequent 
further temperature increase and accentu¬ 
ated sludging. The noninflammable syn¬ 
thetic liquids are rather expensive and they 
leave much to be desired in several impor¬ 
tant respects. They are solvents of some 
of the gums, binders, and other materials 
which it has been customary to use in trans¬ 
formers intended for immersion in mineral 
oil. Consequently, transformers destined 
for use with these synthetic liquids must be 
specially built with more suitable insulating 
ingredients. There is, however, one very 
important advantage, namely, that the 
use of a noninflammable synthetic liquid 
permits load-center location of the trans¬ 
formers, close to the load, in industrial 
premises, because the fire hazard is de¬ 
creased greatly. Although sludging is ab¬ 
sent in these synthetic liquids, higher tem¬ 
peratures than are permitted with mineral 
transformer oils are not recommended. 

The pumps, fans, and heat-exchanger 
materials required for the forced-oil forced- 
air functions described by the authors re¬ 
quire a greater capital outlay and also a 
greater outlay for the power consumed in 
the performance of these functions than 
would be the case were compressed gas the 
circulated medium. The total losses in the 
transformers are materially increased, with a 
consequent impairment of the efficiency. 
The noninflammable synthetic liquids, 
which have been mentioned previously 
have about twice the specific gravity of 
mineral transformer oil, and about twice 
the dielectric constant. This much higher 
dielectric constant decreases the resistance 
to withstand impulse voltages in designs 
built with a given amount of shielding pro¬ 
vision for lightning protection 


-Dui m a compressed gas transformer 
are dealing with a circulating medium wh 
dielectric constant is unity, so that in 
spect to the shielding provided, we obt£ 
with a gaseous medium, a maximum of j 
munity from lightning damage, so far 
such immunity can be provided by 
signs with electrostatic shielding. 

The U se of gas instead of oil removes 1 
need that, in service, a low operating te 
perature shall be maintained. Indei 
if, by employing suitable thermal barrii 
or screens, we arrange to maintain the trai 
former core at a temperature very mu 
higher than the temperature of the win 
mgs, the core loss will be decreased by 
important amount. This feature provic 
an extraordinary structural harmony if , 
employ certain gases which, when mai 
tamed at the high compressions con 
spending to great dielectric strength, wou 
condense, if the temperature were n 
maintained above their liquefaction poi 
for that compression. S0 2 is an example 
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such a gas. At a compression of 25 abso¬ 
lute atmospheres, the condensation tempera¬ 
ture of SO 2 is 98 degrees centigrade. As¬ 
suming a directed and upward flow of 25 
absolute atmospheres SO 2 , through the 
winding ducts and over the winding sur¬ 
faces, it may, in a suitable location above 
the hot portions of the transformer, be 
condensed in the presence of a decreased 
temperature and then, by gravity, may 
be returned to join the reserves of 98-de¬ 


component windings and between windings 
and ground. That accounts for the inade¬ 
quacy of these otherwise excellent power- 
transformers for use at voltages of more 
than some 20,000 to 30,000 volts. In other 
respects, such as light weight, economy of 
floor space, and low cost (during that 
period), they outclassed the oil type As a 
fire hazard their status was low, but that 
was at least equally true of the oil type. 
Neither type was suitable for use at load- 


gree-centigrade liquid S0 2 in a low-level 
compartment, ready for its next round-trio 
journey, during which it will be again suc¬ 
cessively vaporized and condensed. 

In the performance of these functions, 
pumps, fans, heat exchangers and directing 
and baffling elements may be employed to 
any required extent, in a manner similar to 
that described by the authors in their 


paper. But, as already stated, the cost of 
these materials and the amount of power in¬ 
volved in their functioning will, with the 
compressed gas, be far less than the amount 
required for the oil (or synthetic liquid) 
designs described by the authors. 

For the air-blast type of power trans¬ 
former (which was widely and successfully 
employed throughout a long term of years), 
some designers used the rough rule that 
there was required a flow, through the core 
ducts and winding spaces, of 1,000 cubic feet 
of air per minute, per 1,000 kva of the 
transformer’s rated output. Correspond¬ 
ing to these conditions, the air rise between 
inlet and outlet was about 20 degrees centi¬ 
grade. The corresponding temperature rise 
of the windings, as determined by resist- 


ouuit. uu uegrees 

centigrade. If the circulated medium had 
been S0 2 at a pressure of 25 absolute at¬ 
mospheres, instead of air at atmospheric 
pressure then, since S0 2 has 2.2 times air’s 
density and a specific heat which is 0.64 
times the specific heat of air, the S0 2 
would have been (2.2X25X0.64 = ) 35.5 
times more effective for heat transfer per 
unit of volume than was air. Instead of 
requiring a volume of 1,000 cubic feet per 
minute per 1,000 kva of rating, only 28 
cubic feet per minute would have sufficed, 
for the same temperature rise. But since’ 
' n this compressed-gas design, we are free 
from any consideration for the temperature 
limitation imposed by the necessity of 
avoiding oil deterioration, we may operate 
the transformer at a much higher temperature, 
it all our sohd insulating supports and spac¬ 
ers are of heat-resistant materials. For 
these purposes, plenty of excellent heat- 
resistant materials are nowadays available 

ivr Ch 1 “ a ^ eSt ° S ’ glass tapes and sheets! 

yea ex, Micanite, and lava compositions. 
It, instead of circulating 28 cubic feet of 
compressed S0 2 per minute per 1,000 kva 
of rating, we reduce the amount to only 
one third as much (say, nine cubic feet per 
minute per 1,000 kya of rating), then the 
increase m the temperature of the S0 2 on its 
arrival at the outlet will be about 60 degrees 
centigrade, thus bringing the final tempera¬ 
ture of the S0 2 up to (98 plus 60 = )158 de 
grees centigrade. 


pressure air is only 79 crest volts per 
This was so low that, in these air-1 
transformers, the air could not be use 
insulation. It served simply as a 1 
transfer medium. Hence, it was n< 
sary to provide sohd insulation between 


center interior locations in industrial prem¬ 
ises, unless they were enclosed in expen¬ 
sive fireproof vaults or compartments. 

But a compressed-gas power transformer 
should be an ideal type for interior load- 
center location in industrial plants. 

S0 2 , compressed to 25 absolute atmos¬ 
pheres, not only is a heat-transfer medium 
many times more effective than air, per 
unit of volume, but it has a 60-cycle dielec¬ 
tric strength seven times greater than that 
of transformer oil, and a iy 2 -40 i mpu i sc 
strength 3.5 times that of transformer oil. 
If it is desired to provide a still greater de¬ 
gree of superiority over transformer oil, we 
can increase the compression to 50 absolute 
atmospheres or more, instead of using a 
compression of only 25 absolute atmos¬ 
pheres. 

Paluev and Burnham include in their in¬ 
teresting paper, a number of curves which 
provide qualitative indications of trends 
which will be encountered if their recom¬ 
mendations are followed. But no quantita¬ 
tive information applicable for compari¬ 
son purposes is made available as regards 
the net effects of their recommendations 

1. Losses. 

2 . Efficiencies. 

3. Weights, 

4. Costs. 

Fortunately, however, a limited amount of 
such information has been made available 
m the technical press, from time io lime, 
by several of the manufacturers of the types 
of transformers with which the paper is 
concerned. Whereas this published in¬ 
formation is rather obscure as regards 
losses and efficiencies, thoroughly worth¬ 
while savings in critical metals are defi¬ 
nitely announced. Considerable and im¬ 
portant as are these savings, they fall seri¬ 
ously short of the corresponding savings 
which could have been effected by em¬ 
ploying suitable compressed-gas designs 
along the lines advocated by the writer, and 
there would not be incurred any sacrifice 
by any. increased losses or decreased ef¬ 
ficiency. While the writer has not yet 
been successful in interesting any manu¬ 
facturer in undertaking the development of 
large high-voltage compressed-gas power 
transformers, he has made a good many 
study designs with various fundamental 
types. His experience, up to this time, has 
been that (with compressed gas) the best 
results are attained with the shell type. 

As an example, it is of interest to cite an 
exploratory compressed-gas design for a shell- 
type 60-cycle 20,000-kva, 80,000 (phase) 
volts 138,000 (system) volts single-phase 
power transformer for use in groups of three, 
on a three-phase transmission system. 
Because of the predominating importance 
of the war effort, particular attention was 
given to the maximum conservation of that 
critical metal which is stated to be of the 
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greatest military importance, namely copper. 
The amount of copper was reduced to only 
one-third of the amount heretofore usual 
in oil-type transformers of this rating. 
The result was accomplished with no in¬ 
crease in the customary lamination weight. 
If desired, and employing the same stacking 
height, and with not more than 5 per cent 
increase in the gross cross section of the 
winding window, the copper windings could 
have been replaced by aluminum windings. 
The heat transfer from the numerous verti¬ 
cal thin pancake coils is effected by the cir¬ 
culation of the compressed gas over the en¬ 
tire extent of both flat sides of each pancake 
component. 

The exploratory design already briefly 
eviewed is simply one example of many 
attractive approaches to the subject. 
When the inertia of present accepted de¬ 
sign conventions is overcome, many skilled 
designers and constructors (among whom 
the writer expressly includes the able au¬ 
thors of the present paper) will conceive and 
embody in their compressed-gas power 
transformers their own ingenious and ex¬ 
cellent ideas. 

V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): The authors have 
done an excellent job in showing how it is 
possible to increase greatly the output of 
transformers as well as in showing how to 
conserve critical materials by forced circu¬ 
lation of cooling mediums. Iu fact, there 
are so many ways whereby the rating of 
transformers can be increased that there is 
likely to be considerable confusion as to 
which of the available methods of cooling is 
best suited for obtaining maximum output 
under the various conditions. 

The purpose of this discussion is to out¬ 
line the Conditions for which each method of 
cooling appears to be best suited. There 
will, of course, be exceptions to the condi¬ 
tions outlined. Each application should 
receive careful consideration before the 
method of cooling to be used is selected. 

Various methods of cooling conditions for 
which they are suitable are: 

1. External water coolers with nondirected oil flow 
through windings 

(a) . Use limited to attended stations. 

(&). Can be used for both new and old transform¬ 
ers. 

The output can be increased to 125 up to 167 
per cent of the rating, depending on design of old 
transformers and on size of cooler provided for new 
transformers. 

(g). It should be used only where the cost of water 
is low. 

2. External air coolers with nondirected oil flow 
through windings 

(а) . Use limited to attended stations. 

(б) . Use limited to large-size units. 

(c) , 167 per cent of rating for new units. 

( d ) . 125 to 167 per cent of rating for old units 

depending on design. 

3. Directed oil flow with external air or water coolers 
(a). Use limited to attended stations. 

(&). Used for locomotive liquid-filled transformers 
and suitable for mobile units (with air coolers). 

(c) . Best suited where critical materials must be 
conserved in new units. 

(d) . Best suited where desirable to ship large units 
assembled in own tank ready for immediate in¬ 
stallation. 

( e ) . Cannot conveniently be applied to old units. 

4. Cooling with large high-air-velocity fans ( non¬ 
directed oil flow) 

(a). Only means available for outlying unattended 
stations. Can be used at attended stations. 


(b) . Best suited for obtaining maximum contin¬ 
uous output for small and medium-size units on ac¬ 
count of low cost. 

(c) . Suitable and sometimes preferred for large 
units on account of flexibility in ratings ranging 
from 100 up to 167 per cent of the self-cooled rating 
depending on the number of fans in use. 

(d) . Suitable for both new and old units. 

5. Water-spray cooling (nondirected oil flow). 

(a) . Lowest costs for obtaining maximum output 
(of old units). 

(b) . Best suited for old transformers where rare 
high emergency overloads are likely to come on. 

(g). Not suitable for continuous use on account 
of rusting of tank, stoppage of nozzles, and sloppy 
conditions around transformer, floor, and so forth. 

F. J. Vogel (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
In discussing this paper, I would like to give 
the history of the first oil-circulation-cooled 
transformer, as far as I know it. Forced 
cooling has been used in Europe and in 
other countries, but no data were available 
as to its value, and it was considered gener¬ 
ally that little benefit was gained from it. 
This was before 1929. Along about that 
time, railway-locomotive transformers had 
occasional insulation troubles. These trans¬ 
formers were mostly dry type with air-blast 
cooling. They were built shell type by most 
all manufacturers. 

Oil-insulated transformers were thought 
to have several advantages. Moisture and 
dirt would be excluded from the windings, 
and the service records should be improved. 
However, oil-insulated transformers that 
had been designed previously were heavy 
and larger than could be permitted. These 
previous oil-insulated transformers had 
thermosyphon cooling within the windings. 
Data which were available, as for example, 
that in a paper, “The Cooling of Electric 
Machines,” by George E. Luke, presented 
to the Institute in June 1923, 1 showed that a 
considerable gain in heat omission from 
coil surfaces was possible by forced cooling. 
For this purpose, the shell-type transformer 
was considered ideal. The transformer 
would than be similar to the air-blast trans¬ 
former previously supplied except that it 
would be in oil. It was found that this 
transformer could be designed to be about as 
small and light as the previous air-blast 
transformer with the advantage of eliminat¬ 
ing the dirt and moisture trouble previously 
experienced. As stated in the paper, these 
locomotive transformers were required to 
be of a design suitable to be built by both the 
General Electric and Westinghouse com¬ 


panies, but the design was initiated by the 
Westinghouse company. These transform¬ 
ers provided additional design data which 
could be useful for other applications. 

For many years no application of these 
data was seen for other types of transform¬ 
ers. In the first place, operators thought 
that the reliability would be less. Several 
times the proposition was made to use 
modified forms of forced cooling, and they 
were always objected to. Another ob¬ 
stacle to their use was the fact that the 
benefit from forced cooling decreased size, 
increased the 1 , osses, and decreased short- 
time overload capacities. The first applies 
tion of forced cooling other than for loco¬ 
motive use was for portable substations 
mounted on trailers which could be moved 
from place to place. The first applications 
of this were by the company with which I am 
associated. 

Times change, and in war materials may 
be of more importance relatively than 
other considerations. The forced-cooled 
transformer does use less material for a 
given rating, and this has stimulated its use. 

In June 1941 a paper was presented to 
the AIEE in Toronto, by Philip Sporn and 
H. V. Putman, 2 3 4 describing a transformer 
very similar in design to the original loco¬ 
motive transformers. A comparison of 
this paper with the paper by Paluev and 
Burnham shows many of the design fea¬ 
tures described, although the paper does 
not go into technical details. A discussion 
of this paper by myself at the meeting 
brought out the point that hot-spot tem¬ 
peratures are greatly reduced in transform¬ 
ers with forced circulation and could permit 
a higher temperature rise for this reason. 
Most of the technical points which are 
covered in the paper by Paluev and Burn¬ 
ham are obvious and were recognized at the 
time the first locomotive transformers were 
built. The principal contribution of this 
new paper is to call attention to the fact 
that core-type transformers as well as 
shell-type transformers can be forced-cooled. 
It is evident that changes in design of the 
core-type-transformer windings are being 
made to gain both better insulation proper¬ 
ties and better cooling. These changes re¬ 
sult in arrangements giving results more 
similar to those obtained naturally in shell 
type transformers. It is not conceded 
that zigzag oil flow through concentric wind¬ 
ings, as shown in Fig. 15 of the paper, is a 
natural arrangement for forced-oil cooling. 

Figure 4 and Figure 7 of the paper show 


Figure 1. First port¬ 
able forced-cooled 
transformer mounted 
on a truck as a com¬ 
plete substation 



1943 , Volume 62 


Discussions 


447 













some of the original designs used for the 
locomotive transformers. The success of 
this design was greatly contributed to by 
Mr. Brockman, of the Westinghouse com¬ 
pany, for the transformer, and Mr. Jungk, 
also of the Westinghouse company, for the 
design of the pump and motor. Figure 1 
in this discussion shows what I believe was 
the first portable forced-cooled transformer 
mounted on a truck as a complete substa¬ 
tion. 
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W. G. James (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
I have read this paper with considerable 
interest and wish to * compliment the au¬ 
thors on their treatment, clarity, and com¬ 
plete handling of this subject which, indeed, 
is very timely because of the present-day 
necessity for conserving critical materials. 

As a designer of power transformers for 
many years with the Westinghouse Electric 
and Manufacturing Company, my interest 
in this paper is twofold: 

1. I wish to learn how other specialists in the field 
approach and solve such a design problem. 

2. My interest has been heightened by the fact 
that the Westinghouse company has approached 
and solved this same problem for more than two 
decades in essentially the same manner. In fact, 
one of the main reasons why we selected the shell 
form of construction for large power transformers 
was that, m our opinion, thermal problems, both 
thermosiphon and forced-oil flow, could be treated 
more simply with this form of construction than 
with other forms of construction, such as described 
by the authors of this paper. 

Thermal problems of this kind, although 
complicated, as is obvious from this paper, 
are well understood by the manufacturers 
of such equipment. The general design 
problem is one of evaluating and co-ordi¬ 
nating properly thermal problems with those 
of equal importance, namely, dielectric and 
mechanical features. A chain is no stronger 
than its weakest link. As a general rule, 
the less complicated the mechanical de¬ 
sign, the simpler the solution of the thermal 
and dielectric problems. 

In this connection I believe it should be 
permissible to point out that the transformer 
shown in Figure 4 of this paper is such a de¬ 
sign and is of the shell-form construction. 
The oil ducts between coils are large, short 
relatively straight, and oil flow is well bal¬ 
anced m parallel ducts. This assured ade¬ 
quate oil velocity parallel to both sides of 
each coil for a minimum pump capacity 
Other forms of construction, I believe it will 
be conceded, were found to be thermally 
inadequate for this application, because of 
imposed space and weight limitations. 

Also, I wish to point out that the oil- 
cooled glandless pumps shown in the two 
top vxews of Figure 7 of the paper were de¬ 
veloped by the Westinghouse company for 
raihray applications such as shown in Figure 
?' Tllese motor-pump assemblies have 
been so successful that, even though they 
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were initially developed and applied many 
years ago, they are being applied exten¬ 
sively today by Westinghouse where forced- 
oil circulation is required for cooling trans¬ 
formers. 

It should be pointed out also that as 
early as 1923 the Westinghouse company 
promoted the idea of forced-air forced-oil 
cooling and has steadfastly promoted it 
down through the years since 1923. The 
fact that the trade generally did not accept 
such cooling until the present emergency 
does not mean that the idea is a new one. 
As evidence of this fact I wish to refer to a 
paper entitled "The Cooling of Electrical 
Machines” as presented at the annual AIEE 
convention at Swampscot-t, Mass., June 26- 
29, 1923, by George E Luke. The material 
contained in this article serves equally well 
today in solving the intricate problems in¬ 
volved in forced-air forced-oil cooling such as 
outlined in the paper by Paluev and Burn¬ 
ham. 

Briefly stated, the greatest saving of 
critical material can be obtained by the use 
of a structure in which the thermal drop 
through the conductor insulation, coil sur¬ 
face drop to oil, hottest-spot margin, and 
oil rise do not jointly exceed a hottest- 
spot copper rise of 65 degrees centigrade for 
the maximum watts per unit area of coil 
surface. Or, stating it another way, the 
faster the heat is carried away from the 
coils, the greater the kilovolt-amperes for 
given physical parts and copper rise. 

I believe the so-called "Modern Concen¬ 
tric Winding” (reference 2 in this paper) 
described by the authors was proposed and 
used many years ago by C. L. Fortescue and 
J. F. Peters for dielectric rather than ther¬ 
mal reasons. 

The last statement in this paper to the ef¬ 
fect that "The core and coils of a typical 
self-cooled, high-voltage 10,000-kva trans¬ 
former, with 55 degrees centigrade aver¬ 
age winding rise and 65 degrees centigrade 
hot-spot rise, when arranged for directed 
forced-oil flow, will carry continuously 16,- 
667 kva and meet the same temperature 
limits” is of particular interest. This im¬ 
plies that, the ratio of losses at the self- 
cooled rating must be very low—the ther¬ 
mal drop (TS) Z through conductor insula¬ 
tion will, for directed forced flow, be 1.667 
times that for thermosiphon cooling, and the 
coil surface drop (TO) will go up by the 
same amount reduced by the average ratio 
given m Figure 13 of the paper. We agree 
with this idea except, that, from our experi¬ 
ence, the. curve in Figure 13 appears to us 
to be quite optimistic as regards the ad- 
vantage.to be gained from relative oil flow— 
thermosiphon to forced circulation. An¬ 
other feature which has not been discussed 
m this article is the effect of oil turbulence 
as well as.direct flow. Oil turbulence is very 
effective in leveling off hottest spots due to 
reduced oil flow for the various reasons sug¬ 
gested in this paper. 

I believe the data in Table I of the paper 
are misleading, because obviously the total 
losses and ratio of losses are not the same. 


K. K. Paluev and L. H. Burnham: With 
reference to. Sealey, Vogel, and James’s 
discussions, it was not the intent of the 
authors to convey or leave the impression 
that forced cooling could be applied only to 

Discussions 


core-type transformers. Rather, the intent 
of the paper was not only to show how 
forced cooling could be applied successfully 
to the core-type transformer, but also to 
indicate some of the general problems in¬ 
volved in cooling the various kinds of trans¬ 
formers by this method. Forced cooling 
is not confined to core-type construction 
but is applied also to shell-type designs, as 
found in Figure 4 of the paper, which illus¬ 
trates an electric-locomotive shell-type 
transformer. Shell-type construction will 
be used whenever that particular type is 
most applicable. 

It is obvious that many methods of cool¬ 
ing transformers are now available and that 
each one has advantages under certain 
conditions of application and operation, 
but that the greatest economy in space and 
materials will be found in the forced-cooling 
method of directed flow of the cooling and 
insulating mediums over the windings and 
cooler surfaces. 

After this war undoubtedly some of these 
various methods of cooling power transform¬ 
ers may be discarded. Simplicity of design, 
application, and economics will be the de¬ 
ciding factors. 

Because of the war, the maximum saving 
in critical materials, such as copper and iron, 
became of paramount importance, and this 
very efficient method of cooling power 
transformers was quickly adopted. It is 
here to stay, especially in large capacity 
units, where the benefits to Lhe user are 
great, as enumerated in the paper. 

Mr. Luke’s paper, referred to both by Mr. 
Vogel and Mr. James, is an excellent paper, 
but in general covers the application of 
forced cooling to rotating apparatus. 

However, Luke himself made no original 
tests with oil but prepared his curve from 
results of tests made by S. E. Derby as re¬ 
ported in "Recooling of Lubricating Oil 
From Turbine Bearings and Gears.” 1 
Upon examination of this source, it is found 
that Derby’s tests were made on "an oil 
cooler in which the hot oil is circulated 
around straight tubes through which cold 
water flows.” Therefore, Luke's curve did 
not apply directly, since his data and calcu¬ 
lations were obtained from an irregular 
flow around pipes, and not through them. 

Prior to Luke, the best source of informa¬ 
tion which did apply directly to the subject 
of surface-heat-transfer coefficient for oil 
flowing in pipes, is "Heat Transfer by Con¬ 
duction and Convection—II. Liquids Flow¬ 
ing Through Pipes,” by W. H. McAdams 
and T. H. Frost, published in February 1923, 
by Massachusetts Institute of Technology. * 
More recent data were secured by our 
laboratory and in part, has been published 
by R. H. Norris. 

In regard to priority in actual design and 
application of oil-air coolers to cooling of 
transformer oil, as pointed out by the au¬ 
thors, one of the first, if not the first installa¬ 
tion for forced cooling of transformer oil by 
forced flow through tubular finned-tube 
oil-air radiators, is shown in Figure 3 of this 
paper. These oil-air coolers were designed 
and built by the General Electric Company 
m 1925. They were installed in 1926 and 
were used to cool the oil, by forced circula¬ 
tion, in several 25,000-kva transformers 
built by another manufacturer. 

The heat-transfer data on which this 
particular cooler design was based, were ob- 
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tained by test in 1924 and 1925, using 
finned-tube radiators as the oil cooler. 

This efficient method of cooling was not 
accepted at that time, nor to any great ex¬ 
tent in the years following, until the start 
of World War II, when the demand for great 
savings in the active material, copper and 
iron, became imperative. During the in¬ 
tervening years from 1924 and 1942, much 
developmental work was carried on and fur¬ 
ther heat-transfer data obtained on various 
kinds of cooler tubes and cooler and wind¬ 
ing designs. 

In answer to Mr. Vogel’s discussion, the 
pumps shown in Figure 7 of the paper illus¬ 
trate the various designs used to eliminate 
the standard stuffing box which always 
has been a source of trouble with either oil 
leakage or suction of air into the cooling 
system. Immersion of the motors in the 
cooling and insulating liquid is not a new 
idea, but the practical application of the 
various pump designs shown did solve 
several very troublesome problems. 

Simplification of the pump design, service 
records, and economics finally will be the 
deciding factors in the choice of the most 
suitable pump design. 

With reference to Mr. Hobart’s discus¬ 
sion, the authors congratulate him on the 
thorough manner in which he treated the 
subject of compressed-gas-filled transform¬ 
ers. However, it should be pointed out 
that the scope of our paper was purposely 
limited to transformer construction already 
reduced to practice. On another hand, it 
appears that the problem of applying com¬ 
pressed gas in a practical way is far from 
being solved. It is of such proportions 
that much additional developmental work 
is required before an economical and prac¬ 
tical solution is found which is the equal 
or superior to the liquid-filled transformer. 
The use of transformers insulated and cooled 
by compressed gas has been under consider- 
eration for many years, and undoubtedly 
this subject has a very wide and fertile field 
for future development. 

Some of the problems to be solved are: 

The high cost of the tank to withstand continuous 
high internal pressure, satisfactory forced cooling 
of windings with elimination of local hot spots, 
control of the cooling equipment, prevention of 
total gas condensation, inferior dielectric strength 
of compressed gas under impulse voltage stress, 
ability of the windings to withstand impulse test, 
switching and lightning surges, satisfactory electro¬ 
static shielding of the windings in compressed gas, 
and, finally, the ability to meet present-day re¬ 
quirements of practically "trouble-free’* service. 

We do not believe that Mr. Hobart’s 
concern over the effective shielding of Py- 
ranol transformers is justified. We have 
built shielded Pyranol-filled transformers 
and secured the same impulse voltage dis¬ 
tribution as in shielded transformers filled 
with transformer oil. 

The fact that the dielectric constant of 
Pyranol is approximately twice that of 
transformer oil simply caused the shape 
and the position of the shield to be modi¬ 
fied accordingly. The effect of the dielec¬ 
tric constant of the insulating medium on 
the choice of shape and spacing of the 
shield is governed by the same simple law 
that governs the change in shape and 
dimensions of conductors designed to give 
the same total resistance when formed from 
materials of different resistivity. 

In light of the preceding facts, the shape 
and proportion of the shield in three trans¬ 


formers of the same voltage, but filled with 
three different insulating mediums, like 
transformer oil, Pyranol, and gas, will have 
different shapes but will be equally effective, 
as far as impulse voltage distribution is 
concerned. 
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Equivalent Ambient 
Temperatures for 
Loading Transformers 

Discussion and author’s closure of paper 43-18 
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C. E. Baugh (Pacific Gas and Electric Com¬ 
pany, San Francisco, Calif.): Some con¬ 
cern has been expressed as to the applica¬ 
bility of the rules for overloading trans¬ 
formers on the basis of load factor and am¬ 
bient temperatures to transformers in¬ 
stalled in the interior valleys of California 
and in climatically similar locations under 
loading conditions such that maximum 
loadings are coincident with maximum 
temperatures. 

Data are available in detail covering tem¬ 
peratures at Fresno, a city in the San 
Joaquin Valley, where climatic conditions 
in the summer are representative of the 
California valleys. The maximum tempera¬ 
ture ever recorded at Fresno is 115 degrees 
Fahrenheit (46 degrees centigrade); the 
mean maximum for 53 years is 99.1 degrees 



Figure 1. Normal daily load curve of a valley 
substation for a midsummer day 


Pumping and incidental farm load 


Fahrenheit (37.2 degrees centigrade). In 
1940 there were 34 days with maximum tem¬ 
peratures of 100 degrees Fahrenheit or 
higher; in 1911 there were 20 consecutive 
days with a maximum temperature of 100 
degrees Fahrenheit or higher. The diurnal 
range of temperature in summer is high; 
while the average maximum in midsummer 
is about 100 degrees Fahrenheit, the aver¬ 
age minimum is about 62 degrees, which is 
considerably lower than the average mini¬ 
mum of midwestern cities at the same time 
of year. Many substations in this area 
supply loads consisting largely of irrigation 
pumps, and peak demands are almost in¬ 
variably coincident with the hottest days. 

To check the application of the rules just 
mentioned, transformer temperatures were 
calculated for a bank of transformers carry¬ 
ing a peak load of 111 per cent of rating, 
with a daily load factor of 63 per cent, on a 
day having an average temperature of 30 
degrees centigrade. The step-by-step 
method of calculating rises was used, based 
on the load curve in Figure 1, of this discus¬ 
sion, which is an actual load curve of a valley 
substation. These calculations showed a 
top-oil rise of 38.5 degrees centigrade and a 
hot-spot rise of 59.5 degrees centigrade 
above ambient. The top-oil rise deter¬ 
mined by the factory test of these trans¬ 
formers was 39.1 degrees centigrade for full 
load continuous. 

The air-temperature curve in Figure 2 of 
this discussion is drawn from United States 
Weather Bureau data and is representative 
of a midsummer day with a 24-hour average 
temperature of 30 degrees centigrade. The 
maximum temperature on such a day would 
be 41.1 degrees centigrade (106 degrees 
Fahrenheit), only five degrees centigrade 
under the maximum recorded temperature, 
and four degrees centigrade higher than 
the 53-year mean maximum. If the as¬ 
sumption is made that the top oil follows 
changes in ambient temperature exactly, 
the maximum temperature of the top oil 
will be only 78.4 degrees centigrade and 
that of the hottest spot only 99.5 degrees 
centigrade, with air temperatures as shown. 
Even with the highest air temperature ever 
recorded at Fresno, the top-oil and hottest- 
spot temperatures would be only 83.4 de¬ 
grees and 104.5 degrees centigrade, respec¬ 
tively. The American Standards Associa¬ 
tion guide for loading transformers by tem¬ 
perature sets 105 degrees centigrade as the 
hottest-spot temperature for transformers 
carrying recurrent overloads for eight hours 
out of 24. 

A maximum hot-spot temperature of 
99.5 degrees centigrade is enough under the 
105 degrees centigrade permissible tempera¬ 
ture to conclude that the rules for overload¬ 
ing on a basis of load factor and average 
ambient temperature are conservative for 
transformers of modern design. Ordinarily, 
of course, there will be few days in any one 
year when the maximum temperatures 
shown will occur, and no noticeable reduc¬ 
tion of expected transformer life should be 
expected. « 

The validity of the assumption that trans¬ 
former temperatures will follow ambient 
temperatures exactly is questionable, of 
cburse. In the shade, even if protected 
from the wind, there will probably be con¬ 
siderable lag, and actual temperatures will 
be lower than those mentioned. In the sun, 
where considerable heat will be communi- 
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Figure 2. Transformer temperatures on a 
normal midsummer day having an average 
temperature of 50 degrees centigrade 


Transformers loaded to 111 per cent of rating 
peak 

Average air temperature—30 degrees centi¬ 
grade 

Equivalent ambient temperature—32.3 degrees 
centigrade 


cated by radiation, the lag will be less, and 
it would not be impossible for these tem¬ 
peratures to be exceeded. However, there 
is ordinarily some wind where transformers 
are exposed to the sun, and the effects of 
direct radiation will be offset to some extent. 

Attention should be directed to the fact 
that many older transformers were not 
built with temperature rises as much below 
guaranteed rises as are modern transformers, 
and care should be exercised if these older 
transformers are to be overloaded. 

Another feature that cannot be neglected 
is that the rules cannot be applied to small 
transformers exposed to the sun and to high 
air temperatures. Measurements made 
on the oil in small unenergized pole-top trans¬ 
formers in the San Joaquin Valley show an 
oil^ temperature of 58 degrees centigrade 
(136 degrees Fahrenheit) with an air tem¬ 
perature of 45.5 degrees centigrade (114 
degrees Fahrenheit). In such a case the 
ambient temperature used in calculating 
transformer temperatures should be taken 
as the higher figure and will result in con¬ 
siderably lower permissible loadings. 

A careful study of the proposed American 
Standards Association guide and the interim 
report should convince utility engineers 
that power transformers can be operated 
at the correct maximum loading with assur¬ 
ance that their normal life will not be unduly 
impaired, only if they are equipped with 
devices for reading hottest-spot tempera¬ 
tures directly. Such devices are available 
at moderate cost, and their proper use wall 
facilitate the full utilization of capital in¬ 
vestment in transformers. 

Operating engineers can gain much from 
a careful study of the many papers and 
reports °n the subject at transformer load¬ 
ing. The benefits to be gained are of particu- 
ar value during the war emergency, but 
operators should not forget that many of the 
principles set forth will have considerable 
economic value under normal conditions. 
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F. J. Vogel (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
Mr. Sealey’s paper shows a method of cal¬ 
culating an equivalent ambient temperature 
to allow for yearly variations and for dif¬ 
ferent types of load. His work appears 
logical and well worked out, if the assump¬ 
tion "that the rate of aging of insulation 
doubles per each increase in temperature of 
eight degrees centigrade” is correct. Some 
data have been presented which are not in 
agreement with this and they particularly 
apply to some types of transformer con¬ 
struction. 

. As evidence of this statement, I would 
like to refer to Figure 1 in the paper, "Emer¬ 
gency Overloads for Oil-Insulated Trans¬ 
formers,” by T. K. Sloat and F. J. Vogel, 
presented to the Institute in June 1942. 1 
These data are also confirmed by Charles 
F. Hfil’s paper, "Temperature Limits Set 
by Oil and Cellulose Insulation.” 2 Figure 
1 would thus indicate that insulation could 
be operated at 105 degrees centigrade al¬ 
most indefinitely without a decrease in 
mechanical strength below 70 per cent. If 
this statement is correct and the assump¬ 
tions made in Mr. Sealey’s paper are in¬ 
correct, some of the conclusions reached by 
his reasoning cannot be correct. 

When Figure 1 and similar curves were 
submitted previously, they were criticized 
by some on the basis that the tests were not 
of sufficient duration. This duration was 
not thought to be long enough to indicate 
that further deterioration would not occur 
if the test had been continued longer. A 
difference in opinion is, of course, always 
possible, but Doctor Hill’s data covered a 
period of over 22 months. I therefore feel 
that there is decidedly more than a reason¬ 
able chance that the conclusions reached 
from Doctor Hill’s paper and from Figure 
1 are correct. It is appreciated that, when 
previous opinion has been influenced in 
one direction, it is difficult to have newer 
data accepted and a new opinion sub¬ 
stituted. 

If the months of July and August alone 
are considered, the range in temperatures is 
^ 0t Li t0 S great * as shown by reference to 
Table 2 of the paper. For example, take 
Boston. The average temperature of July 
and August is around 27 degrees, whereas 
the yearly equivalent is 20 degrees. On the 
other hand, Miami with an annual equiva¬ 
lent temperature of 28 degrees has an aver- 
age temperature during July and August 
of 30 degrees. The annual figures tend to 
indicate that a given rating of transformer 
could carry considerably more load all 
year round in Boston than in Miami. This 
is not believed true, because there is only 
two degrees difference in July and August. 
Perhaps it would be well to consider Phila¬ 
delphia, since this is the location used as an 
example in the paper. Figure 11 in the 
paper indicates that a transformer in Phila- 
delphia could be operated at 108 per cent 
of its name-plate rating all year round. The 
months of June, July, and August are 



Figure 3. Decrease in tensile strength of Manila 
paper in oxygen-free oil protected by a 
nitrogen atmosphere 


roughly 12 weeks. I estimate this would be 
equivalent to operating some transformers 
at about 105 degrees hot spot for a period of 
12 weeks. Doctor Hill's paper indicated 
very little if any deterioration of insulation 
in an Inertaire atmosphere after 100 days, 
at temperatures over 100 degrees centigrade, 
and hence it may be assumed that Figure 3 
of this discussion is indicative of the amount 
of insulation deterioration in a year and 
probably in an indefinite period, of time. 
With this reasoning, it is quite probable that 
the ultimate insulation deterioration will be 
reached in one year, if the transformers are 
operated at 105 degrees centigrade hot¬ 
spot temperature for 12 weeks. 

I agree that it appears safe to operate 
modern transformers at higher than their 
name-plate rating under wartime condi¬ 
tions. I think that this is particularly true 
of transformers protected with inert-gas 
blankets over the oil. Most such trans¬ 
formers, where necessary, could carry eight 
to ten per cent overload continuously with¬ 
out damage, where the ambient is not over 
30 degrees centigrade. This also, of course, 
should be limited to either oil-insulated self- 
cooled transformers or transformers of 
self-cooled type with auxiliary air-blast 
cooling. 

I think that the method used in Appendix 
I of the paper to determine the effect of the 
variation in daily ambient temperature is 
very effective and will be found useful. 
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P. H. McAuley (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The author has developed a short-cut 
method for determining equivalent ambient 
temperatures from available Weather 
Bureau data. However, in the calculations 
he departs from his own definition of equiva¬ 
lent ambient temperature and thereby ar¬ 
rives at rather pessimistic values. Similar 
data were presented in a Hellmund- 
McAuley paper "Application of Apparatus 
and Conductors under Various Ambient 
Temperature Conditions.” Our equivalent 
temperatures were obtained by analyzing 
the daily graphic thermograph records of 
the Weather Bureau for a period of years 
and applying the eight-degree-centigrade 
rule to the resulting curve of "temperature” 
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versus “per cent of the time at or above.’' 
Comparing Table II of the present paper 
with Figure 2 of our paper, the present 
author obtains equivalent temperatures 
five to seven degrees centigrade higher for 
the five locations given in both papers. It 
appears that this approximate method gives 
too much weight to the maximum tempera¬ 
ture values. The thermograph records show 
that temperatures within five degrees centi¬ 
grade of the maximum at any given location 
persist for only a fraction of one per cent of 
the time, and the curve departs considerably 
from a sine-wave variation. Accordingly, 
because the time involved is so short, these 
higher values have a rather small influence 
on true equivalent aging temperatures. 

It is agreed that use of equivalent tem¬ 
peratures permits the load capacity of appa¬ 
ratus to be utilized more fully under many 
conditions of application. There is con¬ 
siderable evidence, however, that the 
eight-degree-centigrade rule is conservative, 
and it does not appear desirable to add fur¬ 
ther safety factors in applying this rule to 
Weather Bureau data and thereby limit the 
usefulness of the procedure. 


V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): Mr. Sealey has 
done a very thorough job in working up 
rules for using equivalent ambients. 

While the method of deriving the equiva¬ 
lent ambient, by assuming that the tempera¬ 
ture versus time follows a sinusoidal curve, 
is not rigorously correct, it is I feel accurate 
enough for all practical purposes. There is 
generally a small factor of safety in the 
one per cent rule which was first proposed 
in my 1939 (reference 4) paper. That is, if 
the hot spot is 95 degrees centigrade at 
100 per cent self-cooled load in a 30 degrees 
centigrade ambient, it will generally be 
slightly under 95 degrees centigrade at 130 
per cent load in zero degrees centigrade 
ambient. 

On several occasions I have plotted both 
daily and annual ambients, and have found 
that they generally follow fairly closely a 
sinusoidal curve as shown in Figures 6 and 
7 of Mr. Sealey's paper. 

The question arises as to when should 
daily average ambients and when should 
annual equivalent ambients be used. Ob¬ 
viously both cannot be used. 

The following procedure is suggested as 
a guide; 

The conditions under which the daily 
average ambient and the annual equivalent 
ambient should be used to determine the 
overload capability, are: 

1. For one day emergency overloads, use the daily 
average ambient. 

2. When the load is constant throughout the year, 
or when the greater capacity requirements are in the 
summer months, use the equivalent annual ambient. 

3. When the greater capacity requirements are in 
the winter months, determine the equivalent am¬ 
bient for the heavy-load months and for the light¬ 
load months, and check the load capability for both 
periods. This permits loading up to normal trans¬ 
former temperature in winter whenever the reduced 
summer load keeps the transformer temperatures 
to normal or lower on hot days. 


Paul M. Lincoln (Therm-Electric Meters 
Company, Inc., Ithaca, N. Y.): lam not a 


transformer designer or operator as I as¬ 
sume the gentlemen presenting this series of 
papers to be. I do not pretend to know the 
details of the problems confronting these 
gentlemen. However, in listening to the 
discussion that has taken place, an idea has 
occurred to me that may be worth-while 
following up. 

In going over these papers somewhat 
hastily, the only reference I can find to the 
type of insulation used is to Manila paper. 
I also know—as is general knowledge—that 
the usual insulations used in transformers 
are papers, cottons, silks, linens, and so 
forth. Now, it is well known that all of 
these materials are subject to being car- 
borized. That is, if they are subjected to 
temperatures high enough and long enough, 
they eventually will be reduced to almost pure 
carbon. The limiting temperatures and 
times that these insulations can withstand 
without becoming conductors are given 
quite accurately in the papers presented this 
morning. 

Now, why is not the best line of attack on 
this problem to look for an insulation which, 
instead of being limited to a maximum hot¬ 
spot temperature of somewhere around 200 
to 250 degrees, can safely go up to 500 or 
600 degrees, or perhaps even higher? It is 
quite true that the copper losses will in¬ 
crease at these higher temperatures, because 
of the positive temperature coefficient of 
copper, but the saving in transformer 
weights and costs will vastly more than off¬ 
set this increase. So far as I know, the 
only increase in loss that will occur is due 
to the increased temperature rise in the 
copper loss. So far as I know, iron losses 
do not increase at these higher tempera¬ 
tures. If, for instance, a transformer, 
designed as a 10,000-kw unit when using the 
usual papers, cotton, linens, silks, and so 
forth, can have its rating increased to per¬ 
haps 25,000 kw or 30,000 kw when using a 
special heat-resisting insulation, the saving 
in cost is obvious. 

So far as I know, no such special insula¬ 
tions exist today. Also the problem of 
cooling oils or other cooling and insulating 
mediums must be attacked. But is not the 
best line of attack on this problem to start 
some research work to see whether or not 
insulations suitable for withstanding much 
higher temperatures cannot be developed? 


W. C. Sealey: The procedure outlined in 
C. E. Baugh's discussion is a method of com¬ 
bining the effect o£ load variation with 
variations in daily temperature. This pro¬ 
cedure is more accurate than approximate 
methods of correcting for load factor, since 
it more closely represents existing condi¬ 
tions. Whenever information on the load 
variation is available, together with informa¬ 
tion on the change in air temperature, a pro¬ 
cedure such as outlined is desirable. 

In reference to Mr. Vogel’s discussion, the 
assumption that the tensile strength of the 
insulation reaches a constant value below 
which it does riot decrease when subjected 
to constant temperature conditions is based 
on what appears to be insufficient data. 
The length of time for the test of Figure 1 is 
only 18 weeks. Even the points shown on 
these curves are such that curves showing 
continuing decreases can be drawn through 


them if less weight is given to the points at 
18 weeks. In view of the fact that several 
other investigators have found a continuing 
decrease over longer periods, it seems evi¬ 
dent that the curves of Figure 1 are drawn 
incorrectly for the points represented. For 
example, all the points up to 14 weeks have 
shown a continuing decrease in tensile 
strength without exception, and it is only 
the three points for the 18 weeks time which 
are level or above those of the 14 weeks. 
Considering these facts and experience with 
cellulose materials, it would appear that 
the curves of Figure 1 of the discussion 
should have been drawn with continuing 
decrease in strength. 

With reference to the discussion on 
Table II, this table indicates that it should 
be possible to carry two per cent overload 
continuously during the year in Miami and 
ten per cent overload during the year in 
Boston, or eight per cent more load in 
Boston than in Miami. As given in the 
paper, the eight-degree rule is an approxima¬ 
tion which provides a convenient basis for 
estimating insulation deterioration for com¬ 
parative purposes. From a comparison of 
the climate of Boston and Miami the eight- 
degree difference in their equivalent tem¬ 
peratures as determined by this method ap¬ 
pears reasonable, as does the result that a 
transformer should be able to carry eight 
per cent more load in Boston than in Miami. 

With reference to Mr. McAuley's dis¬ 
cussion, the objection to the lower values of 
equivalent temperature as given in the 
Hellmund-McAuley paper mentioned are 
that they are based on average values for 
a limited number of years, and that it is 
easily possible to have in one particular 
year or in a succession of years equivalent 
temperatures greater than those occurring 
in the particular years analyzed. The 
values obtained from averages are liable to 
be exceeded in some particular year, and 
unsafe conclusions would be drawn regard¬ 
ing permissible overloads. In dealing with 
any problem where maximum values have 
such a large effect, as in aging of insulation, 
they must be given proper weight. The 
method developed in the present paper is 
demonstrably conservative as any over¬ 
load recommendations should be. 

The rules given in Mr. Montsinger’s 
discussion are convenient as a guide for 
determining the periods for the calculation 
of the equivalent ambient temperature for 
the loads to be carried, and they should be 
helpful when used for this purpose. 

One of the objects of the paper was to 
develop a method for calculation of equiva¬ 
lent ambient temperatures which was de¬ 
monstrably conservative. Even the dis¬ 
cussions which do not agree with the method 
used admit that the values obtained are 
conservative (some say too conservative) 
and that transformers can be loaded safely 
in accordance with them. 

With reference to Mr. Lincoln's discus¬ 
sion, the method which he proposes of in¬ 
creasing transformer overloads with a 
given amount of material is entirely logical. 
Various research laboratories, including 
our own, have been working on this prob¬ 
lem for a considerable period of time, and 
we all feel that the final answer has not yet 
been obtained. 
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The Rating of Power 
Transformers as 
Determined by the 
War Emergency 

Discussion and authors’ closure of paper 43-36 
by R. J. Salsbury and A. F. Phillips, presented 
at the AIEE national technical meeting, New 
York, N. y., January 25-29, 1943, and pub¬ 
lished in AIEE TRANSACTIONS, 1943, 
June section, pages 255-60. 

F. J. Vogel (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
The paper by R. J. Salsbury and A. F. 
Phillips shows in order the steps which 
should be taken where loads have grown 
beyond their previous values and the trans¬ 
former capacity is getting close to the load. 

Obviously, the first step is to take ad-, 
vantage of the increase in rating permitted 
by American Standards Association recom¬ 
mendations for ambient temperatures below 
30 degrees. 

. The second step is also logical, since many 
times transformers as supplied by the manu¬ 
facturer have a temperature rise less than 
55 degrees. Also, if the transformer is 
operated on some taps, it may have a higher 
capacity than it would have when operated 
on the lowest voltage taps. I think that the 
method used in the paper is unduly conserva¬ 
tive, since it has been shown that the dif¬ 
ference between the hot spot and the top oil 
does not increase so rapidly as shown in 
Figure 5. Confirmation of this is given in 
the paper, ‘Hot-Spot Winding Temperatures 
in Self-Cooled Oil-Insulated Transformers,” 
by Paul Narbutovskih and F. J. Vogel, pre¬ 
sented to the AIEE in January 1942. 1 

The third step of using increased ratings 
because of thermal capacity is logical. A 
method allowing for short-time overloads 
was outlined in the paper, “Emergency 
Overloads for Oil-Insulated Transformers ” 
by Sloat and Vogel, 2 which is simple and is 
not so conservative as the method outlined 
by Salsbury and Phillips. It is necessary, 
m that case, to assume that the hottest spot 
is at the operators' discretion. This will 
vary, depending upon the use of inert gas pro¬ 
tection, conservators, or no protection at all. 

I would like to refer to my discussion of 
the paper by Mr. Sealey. This discussion 
applies equally well to the method of “life 
units” used by Salsbury and Phillips. It is 
realized that the eight-degree rule has been 
in use for a relatively long time. The fact 
that deterioration becomes extremely slow 
m some cases after a certain period of time 
as passed was found out comparatively 
recently. This applies, of course, to trans¬ 
formers protected with inert gas. There¬ 
fore, it is natural, perhaps, that the eight- 
degree rule is used in most calculations 
I w° u ld lifce to can attention to the fact 
. t transformers can be supplied with de¬ 
vices which permit loading by copper tem¬ 
perature. Where this is done, many of the 
calculations given before become unneces- 
ry. Furthermore, these devices give suit¬ 
able warnings and win save the transformer 

°- excesslve emergency overloading. 

This device is described in a paper by Put- 
man and Dann in the AIEE Transac¬ 
tion of 1939. 3 c 
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W. R. Brownlee (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
In considering the ratings of power trans¬ 
formers as influenced by the war emergency, 
the authors have mentioned that operating 
voltage sometimes limits the capacity of 
transformers on account of overexcitation. 
In order to develop maximum over-all 
system capacity, it may be necessary to 
operate transmission and subtransmission 
systems at voltages which would result in 
serious overexcitation of one or more trans¬ 
former banks (usually older units). 

Such a situation arose some seven years 
ago on a system with which the writer was 
associated. The maximum use of existing 
equipment required raising the voltage on 
portions of the transmission system. Al¬ 
though materials were not scarce then, the 
situation surrounding operations made it 
highly undesirable to rewind or replace the 
transformers which would be most seriously 
affected by the required operating voltage. 
On the other hand, the age of the units was 
such that it might be necessary to replace 
them within a few years. The situation was 
solved by the purchase of new booster trans¬ 
formers with windings designed to operate in 
parallel with one winding of a main unit 
and in series with its other winding. At 
slight extra cost, the boosters were pur¬ 
chased with series parallel connections of one 
winding, so that, whenever it should be 
found necessary to replace the main trans¬ 
former units, the booster transformers would 
be used readily at one of various distribution 
substations by a simple rearrangement of 
terminal-board connections. 

Recently the need of developing maximum 
over-all system capacity together with the 
necessity of making available all of the kilo- 
var capacity of an older generating station 
has introduced the problem of overexcita- 
tion, and consideration is being given to the 
use of booster units. Forced cooling is not 
particularly applicable, since the total trans¬ 
former losses would not be excessive, but 
the temperature rise at the surface of the 
iron at the higher excitation voltage would 
produce excessive oil sludging. If the au¬ 
thors have analyzed specific cases of over¬ 
excitation, the method used to determine the 
temperature rise of the iron would be of 
interest. 
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V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): The authors have 
given some very useful data based on operat¬ 
ing experience for the overloading of trans¬ 
formers for the war emergency 
It will be noted that I did not say “rating” 
l Ut J at n er ^“° Verl0adillg -” The authors 

speak all through their paper of giving 
transformers extra ratings. For standardi¬ 
zation purposes a transformer should have 
only one rating. This does not mean that its 


output is limited to its rating. In fact, the 
new American standards are set up on the 
basis of each transformer having a single 
rating, or a double rating if of the self- 
cooled and air-pressure type, but with guides 
giving recommendations for obtaining in¬ 
creased output under different operating 
conditions. I believe the authors had in 
mind increased outputs rather than ratings. 

With reference to setting up different 
limits for oil temperature, the authors are 
well justified in setting up a lower limit for 
free-breathing transformers Ilian for trans¬ 
formers that are not free breathing. There 
is a question, however, whether there should 
be a difference of five degrees centigrade in 
the limit for conservator-type and inert-gas- 
type units. The General Electric Company 
has built many millions of kilovolt-amperes 
of both types of transformers, and, based on 
experience ranging over a period of 20 to 25 
years, the same oil temperature limit can be 
used for both types of units. 


R. J. Salsbury and A. F. Phillips: V. M. 
Montsinger questioned the use of the word 
rating and suggested that “overloading” 
was the proper term. The use of the latter 
term for a normal everyday rating is ques¬ 
tionable from an operating standpoint, as 
it implies that the transformers are being 
stressed beyond a desirable value, whereas 
the ratings which are assigned do not permit 
abnormal rates of deterioration. It is 
agreed that only one name-plate rating is 
desirable for standardization purposes, but 
it is believed that the u.se of the word “rat¬ 
ing” as applied to operating ratings con¬ 
forms to the definition of the word as given 
in the American Standard Definitions of 
Electrical Terms (05.50.040). 

Mr. Montsinger agrees with the setting up 
of different oil limits for free-breathing and 
nonfree-breathing transformer but questions 
the use of different limits for conservator- 
type and inert-gas-type units. In the con¬ 
servator-type transformer there is a limited 
contact between air and oil, whereas in the 
inert-gas type of unit no air-oil contact is 
possible. It may be desirable to refer to an 
article by L. M. Limpus 1 on the experience 
of the Oklahoma Gas and Electric Company 
with these three types of units: “Based on 
the experience of our company an average 
annual increase in neutralization numbers of 
0.1 mg. KOH for open type transformer, 
0.05 mg. KOH for conservator type, and 
0.01 mg. ICOFI for inert-gas-type equipment 
may be expected.” Since the increase in 
the neutralization number is an indication 
of oil sludging, this experience indicates that 
inert gas transformers warrant preferential 
treatment. 

W. K. Brownlee has asked what methods 
if any have been used to determine the tem¬ 
perature rise of the iron due to over excita¬ 
tion. No attempt has been made to measure 
this temperature. In extreme cases of over¬ 
excitation, standard distribution trans¬ 
formers have been used as boosters in Lhe 
neutral of star-connected banks, and in less 
severe cases the oil temperatures and oil- 
neutralization numbers are watched. 

F. J. Vogel, in commenting on the second 
step m rating power transformers, stated 
that the results appeared to be unduly con¬ 
servative, because of the method used in cal¬ 
culating the difference between the hot-spot 
and top-oil temperatures. The method used 
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is supported by the conclusions drawn by 
V. M. Montsinger and P. M. Ketchum in 
their recent paper 2 on transformer overload¬ 
ing. This paper which discusses the results 
of about 50 heat runs on typical transformers 
indicated that the hot-spot over top-oil 
temperature varies as the 0.8 power of the 
load losses, and that the difference between 
the hot-spot and top-oil temperature at full 
load is about six degrees centigrade for the 
small transformers tested. The paper, how¬ 
ever, recommends the use of ten degrees 
centigrade for larger and higher-voltage 
transformers where greater temperature dif¬ 
ferences would naturally be expected. Con¬ 
sequently, there is a possibility of some 
slight conservatism for this reason in the 
smaller sizes, but not necessarily in the 
larger units. 

In regard to Mr. Vogel’s reference to the 
eight-degree rule, it should be mentioned 
that this rule was not used as a basis for the 
life-unit method of rating. Test data 3 by 
F. M. Clark, which revealed that the rate of 
insulation deterioration doubles for a 4- 
degree increase in temperature at 70 degrees 
centigrade, doubles for a 5.5-degree increase 
at 100 degrees centigrade, and doubles for a 
nine-degree increase at 120 degrees centi¬ 
grade, for 50 per cent insulation strength, 
and so forth, was used as a basis of the life- 
unit method. 
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Substation-Transformer 
Emergency Overloading 
Practice 


Discussion and author's closure of paper 43-24 
by L. W. Clark, presented at the AIEE na¬ 
tional technical meeting. New York, N. Y v 
January 25-29,1943, and published in AIEE 
TRANSACTIONS, 1943, March section, 
pages 126-32. 


H. B. Wolf (Duke Power Company, Char¬ 
lotte, N. C.): This timely paper covers 
comprehensively and clearly the subject of 
emergency overloading of transformers. 
It appears that, in evaluating the increased 
output of a transformer as a result of fan cool¬ 
ing, the author has been too conservative. 

Figure 10 of this paper shows increased 
output of a self-cooled transformer by 
addition of supplementary cooling in form 
of fans, the increase in this case being quite 
small. Tests over many years and with 
various types of self-cooled transformers 
indicate an average increase in output of 
approximately 30 per cent. 

Tests of output of three transformers of 
different manufacture are given in Table I 
of this discussion. All temperatures are 
on a basis of 35 degrees ambient. 


Table 


Trans¬ 

former 

Per Cent 
Load 

Cooling 

Hot-Spot 

Tempera¬ 

ture 

4 

r ioo. 

. . .Self-cooled.. 

.77 


•* (130. 

. . . Fan-cooled.. 

.67 

R 

f 100. 

. . .Self-cooled.. 

.78 


' ■ l131. 

. . .Fan-cooled.. 

.72 

C 

1100. 

. . .Self-cooled.. 

.76.5 


• * f127. 

. . .Fan-cooled.. 

_62.5 


This increase in output is also recognized 
in the transformer subcommittee interim 
report of June 22,1942, 1 in which it is stated 
that an increase from 25 to 33 per cent is to 
be expected by addition of fans. 

It is quite possible in many cases to have 
transformers out of service for several 
weeks or more, while repairs are being made, 
without increasing copper or oil tempera¬ 
tures on the transformers remaining in serv¬ 
ice to the point where rapid deterioration 
begins, and without tying up emergency 
spare transformers, if advantage is taken of 
supplementary cooling in the form of spray 
or fans and of reduction of load by means of 
mobile capacitors. 
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F. J. Vogel (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
The paper by Mr. Clark shows the method 
used by one operating company to deter¬ 
mine safe loads for transformers during 
emergency conditions. The methods used 
are based on the so-called eight-degree rule 
for insulation deterioration and upon a con¬ 
ventional method of calculating the hottest 
spot. 

I would like to refer to papers showing 
different points of view, as follows: 

“Temperature Limits Set By Oil and 
Cellulose Insulation,” by Charles F. Hill. 1 

“Emergency Overloads for Oil-Insulated 
Transformers,” by Sloat and Vogel. 2 

“Hot-Spot Winding Temperatures in Self- 
Cooled Oil-Insulated Transformers,” by 
Narbutovskih and Vogel. 3 

These papers indicate that using the 
same methods for all types of transfoimers 
may involve undue risk for some types of 
transformers and be too conservative for 
others. These other references show meth¬ 
ods which can be used for transformers hav¬ 
ing inert gas protection and l'or transformers 
of modern construction. 

I would like to refer to my discussions of 
papers by Sealey and Salsbury and Phillips, 
at this same meeting. 
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V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): Mr. Clark’s 

paper gives a very useful and practical 
method of overloading transformers» for the 
guidance of operators. 

I note that Mr. Clark has used 120 de¬ 
grees centigrade for 24 hours, to take out ap¬ 
proximately one per cent of the life of the 
insulation, which he states was based on Mr. 
Nichols’ (reference 2) paper. While this 
figure is ten degrees higher than the tem¬ 
perature limit of 110 degrees centigrade 
recommended in AIEE interim report, the 
author has added sufficient safety factors 
which in most cases will result in a hot-spot 
temperature nearer 110 degrees and certainly 
not over 115 degrees for a 24-hour period. 

One factor of safety that the author in¬ 
troduced was in assuming that the hot¬ 
spot rise over top oil varies as the square 
of the load current, whereas under most 
conditions it varies as the load current 
raised to approximately the 1.6 power. 
The other factor of safety was in assuming 
that the hot-spot rise over average winding 
is always ten degrees at 100 per cent load. 
As pointed out in AIEE technical paper 
42-115, entitled “Emergency Overloading 
of Air-Cooled Oil-Immersed Transformers 
by Hot-Spot Temperatures,” by V. M. 
Montsinger and P. M. Ketchum, 1 and pre¬ 
sented at the AIEE convention last summer, 
the hot-spot temperature will range from 
five to ten degrees, depending on the design, 
the usual value being somewhere around six 
to seven degrees. 

Furthermore, within the last year F. M. 
Clark in his AIEE technical paper 42-98, en¬ 
titled “Factors Affecting the Mechanical 
Deterioration of Cellulose Insulation,” 8 pre¬ 
sented at the summer convention in June 
1942, has shown that the rate of aging 
varies over a wide range, depending on the 
degree of dryness. For example: insula¬ 
tion having one per cent moisture will de¬ 
teriorate from five to ten times as fast as 
insulation having 0.05 per cent moisture. 
It can be seen readily, therefore, that there 
is no definite rate of aging except under 
specified moisture conditions. 

I was very much interested in the nomo¬ 
graphs (shown in Figures 2 and 3 of the 
paper) for determining allowable summer 
and winter emergency overload capacity of 
self-cooled transformers. I am sorry that 
the author did not explain just how he lo¬ 
cated the two sets of top-oil rises on the 
top and bottom lines, to make them give 
the correct loads. I have not integrated 
any of his load curves to see how well they 
agree with liis nomograph curves. I as¬ 
sume that his calculations are correct. 

My experience in increasing the capacity 
of large transformers with fans does not 
bear out the rather low overload values 
given in the paper. The 10 to 15 per cent 
increased rating apparently refers to ulti¬ 
mate conditions, since the author couples 
it with 120 degrees hot spot which he pre¬ 
viously stated is for a 24-hour period. 

We can usually obtain from 25 to 33 
per cent overload with standard small fans. 
Recent tests have shown that by using high- 
air-velocity fans we sometimes can obtain 
as much as 150 to 167 per cent of the self- 
cooled rating with the same hot-spot tem¬ 
perature. The increased rating with fans, 
when based on 120 degrees centigrade hot 
spot, will of course be slightly less than 
when based on a 95 degrees or 105 degrees 
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hot spot, although the difference is small. 
Perhaps the reason Mr. Clark did not ob¬ 
tain more than 10 to 15 per cent extra 
rating was that the tests were made out¬ 
doors with a breeze blowing. A very small 
breeze will reduce the oil rise sufficiently to 
obtain 10 to 15 per cent extra rating under 
self-cooled conditions. 

Mr. Clark has given some very useful 
information on the time required to replace 
a defective transformer with a spare, 
namely, about 24 hours, and that it can be 
expected that a failure will occur once in 
approximately 16 years operation. He also 
gives some very useful information on 
potential difficulties to be avoided. It is 
data of this kind that are useful in setting 
up rules for overloading transformers under 
rare emergency conditions, similar to the 
AIEE interim report previously referred to. 

I would like to see more papers presented 
along this line giving results of operating ex¬ 
perience. 

References 

1. Emergency Overloading op Air-Cooled Oil- 
Immersed Transformers by Hot-Spot Tem- 

v - M. Montsinger, P. M. Ketchum. 
AIEE Transactions, volume 61, 1942 Danes 
906-16. ’ y ** 

2. Factors Affecting the Mechanical De¬ 
terioration of Cellulose Insulation, F. M. 
Clark. AIEE Transactions, volume 61 1942 
pages 742-9. 


L. W. Clark: Mr. Montsinger points out 
that, although a hot-spot temperature limit 
of 120 degrees for a 24-hour overload has 
been used, there are certain safety factors 
in the author’s calculations which will re¬ 
duce the actual hot-spot temperature to 
something in the order of 110 or 115 de¬ 
grees, which is nearer the recommendation 
given in the AIEE interim report. One 
safety factor mentioned is that of assuming 
that the hot-spot copper rise over top oil 
varies as the square of the load instead of 
the 1.0 power. The square rather than 1 6 
power was used because of the difficulty 
in determining with which transformers it is 
safe to use the 1.6 power. The choice of 
exponent does not greatly affect the results. 
In the 120-degree range, there is only a 
difference of one or two degrees in hot-spot 
temperature as calculated with the two 
different exponents. Furthermore, the test 
data given in Table II of the paper indicate 
that, at least for these particular cases, the 
use of the square exponent does not give too 
high a copper-rise value as compared with 
the test results. 

The other factor of safety mentioned is 
very real and accounts for the major part of 
the difference beween 110- and 120-degree 
hot spot. If, as Mr. Montsinger suggests, 
a hot-spot differential above average copper 
rise of six or seven degrees instead of ten 
degrees were used, considerably higher over¬ 
loads for the same calculated hot-spot tem¬ 
perature would result. However, until the 
various manufacturers agree to change the 
American standards which permit a ten- 
degree differential, it would seem unwise to 
use the lower value. The author would 

fr ° m Mr ' Monfcs i n ger’s comments 
that the tables and curves for allowable 
overloads given in the AIEE interim report 
are based on either six- or seven-degree hot¬ 
spot differential instead of the full ten de¬ 
grees as specified in the American standards. 


< Mr- Montsinger asks how the two top-oil 
rise scales were selected for the nomographs 
of Figures 2 and 3 of the paper, in order to 
give the correct loads. For each nomograph 
the lower scale of top-oil rise was selected 
arbitrarily, so as to result in a good workable 
nomograph. The upper scale of top-oil 
rise in each case was then calculated for the 
140 per cent load ordinate with N= 1. This 
was calculated, using the first part of for¬ 
mula 1 given in the paper. For example, 
substituting in that formula for a top-oil 
rise at full load of 30 degrees, N—l and 
R = 1A, the corresponding top-oil reading 
for the top scale is 41. On this basis, the 
30 value of the top scale is located directly 
above the 41 value of the bottom scale. 
In the same manner, for instance, the 36 
value of the top scale is plotted directly 
above the 49.3 value of the bottom scale. 

Both Montsinger and Wolf suggest that 
an increase in allowable emergency loading 
of 10 to 15 per cent through the addition of 
fan cooling is too conservative. This low 
value of increased loading is based upon only 
one company’s experience and tests on 
transformers equipped with fans, and it is 
entirely possible that other companies 
have had more favorable experiences with 
the fan cooling. Mr. Wolf cites three cases 
in which increased loadings of something in 
the order of 30 per cent are permitted 
through the addition of the fans. There is 
one essential difference between the figures 
cited by Mr. Wolf and those given in the 
paper; the former are at about name-plate 
rating of the transformers, and the latter 
are in the overload range of 125 to 150 per 
cent of name-plate rating. 

With a standard transformer having 55- 
degree average copper rise, the usual in¬ 
crease in rating given by the manufactur¬ 
ers when fans are added is 33 l /a per cent 
for the same average copper rise. Con¬ 
verting this to the overload level corre¬ 
sponding with 120-degree hot-spot tempera¬ 
ture, and assuming in both cases that the 
performance just meets guarantee, the 33 Vs 
per cent increase at name-plate level drops 
down to about 23 per cent at the overload 
level. In addition, this margin due to 
fans has shrunk still further in the case of 
installations tested by the author’s com¬ 
pany, because of the fact that there was a 
generous design margin over and above 
guaranteed values on the self-cooled basis, 
but practically no margin at the fan-cooled 
rating, with the result that the actual in¬ 
crease in the overload rating through the 
addition of fans was only 10 to 15 per cent 
as cited. 


Insulation Testing of 
Electric Windings 

Discussion and authors 1 closure of paper 43-59 
by C. M. Foust and N. Rohats, presented 
at the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943, and pub¬ 
lished in AIEE TRANSACTIONS, 1943, 
April section, pages 203-06. 

L. J. Berberich (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Foust and Rohats have described a 


new method of testing the insulation of ma¬ 
chines which appears to have considerable 
merit in production line testing particularly 
of the smaller machines. Large and impor¬ 
tant machines, however, will probably con¬ 
tinue to be tested at the factory by the older 
methods. In the large machines the turn- 
to-turn insulation is tested by applying high 
frequency (about 30,000 cycles) to each coil 
before it is wound into the machine. The 
ground insulation is similarly tested by 
applying 60-cycle overvoltage. This is 
done, not only on every coil before winding, 
but also on groups of coils during various 
stages of the winding procedure. Such care¬ 
ful testing is necessary, not only to insure 
that no defective coil is wound into the ma¬ 
chine, but also to uncover any damage that 
may be inflicted during the winding process. 
Even though this new method does not ap¬ 
pear very attractive for testing large ma¬ 
chines at the factory, it should have applica¬ 
tion for testing such machines in the field. 
This would probably require a test set hav¬ 
ing higher voltage rating and capacity than 
the one described in the paper. 

In the paper the statement is made that 
the new method can be applied with par¬ 
ticular advantage in testing of completed 
windings of three-phase low-voltage ma¬ 
chines. Since nothing more specific was 
said regarding the range of application, I 
would like to ask the following questions: 

b To what voltage and kilovolt-ampere ratings 
has the test so far been applied? 

2. What is the capacity and voltage range of the 
present test equipment? 

3. . Can the test be applied to single-phase windings, 
or is it limited to multiphase windings? 

4. Can the location of a turn-to-turn fault be de¬ 
termined in a winding with any degree of accuracy? 

5. What are the possibilities of modifying the test 
equipment for testing large 13.8-kv generators in 
the field? 

6. What turn-to-turn voltage can be obtained, and 
how uniform is this throughout the whole winding? 

John L. Fuller (Reliance Electric and Engi¬ 
neering Company, Cleveland, Ohio): The 
paper indicates that a fault consisting of a 
grounded neutral will not be disclosed by the 
repeated surge tester because of the sym¬ 
metry of the circuit. This would seem to in¬ 
dicate that the test cannot take the place of 
the standard 60-cycle high-potential test in 
its entirety. In comparison with a dummy 
rotor test, we note that the dummy rotor 
test can be applied to a stator prior to 
varnish impregnation, thereby simplifying 
corrections of any errors in connections. 
This test will also disclose a symmetrical 
misconnection which the repeated surge 
tester cannot find. On the other hand, the 
repeated surge tester will apparently dis¬ 
close a shorted turn which would have a 
fine chance of being missed on the dummy 
rotor test. It will also stress turn-to-turn 
insulation and is presumably quicker to 
operate. 

It will be interesting to see how usage of 
this apparatus may be adapted to testing of 
d-c armatures, field coils, and intercoils. 
Field coils and intercoils should be an easy 
test by comparing with a standard or coil 
known to be satisfactory. 

In conclusion it appears that the repeated 
surge tester is a valuable addition to motor 
testing equipment, although it apparently 
cannot supplant the standard 60-cycle high- 
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potential test and although it has not yet 
been adapted to d-c work. Its greatest 
usefulness, apparently, is in disclosing latent 
troubles which might not be disclosed other¬ 
wise prior to shipment of the a-c motor. 


F. L. Lawton (Aluminum Company of 
Canada Limited, Montreal, Que., Canada): 
The authors are to be congratulated on their 
paper which describes a new method for test¬ 
ing the insulation of windings of electrical 
equipment. The new test equipment would 
appear to be the first forward move in the 
last ten years or so. 

I would like to ask the authors what ratio 
of impulse peak voltages to normal or rated 
60-cycle voltage is required for satisfactory 
indication by the new device ? Also it would 
be interesting to have their advice as to the 
size of machine for which windings have 
been tested by this device. For instance, 
have they tested windings for generators of, 
say, 10,000- to 15,000-kva capacity, and for 
13,200-volt service? 


C. M. Foust and N. Rohats: Taking up the 
three discussions one at a time, we will first 
answer the questions asked by L. J. Ber- 
berich. 

1. So far, the tester, as described, has been ap¬ 
plied to motors in the 110- to 550-volt class up to 
about 100 horsepower and a larger unit is being used 
on high-voltage motors of several thousand horse¬ 
power. 

2. The maximum voltage in the small tester of 
Figure 3 of the paper is 10 kv with a surge-genera¬ 
tor capacitance of 0.05 microfarad. The large 
tester now in daily use has 0.25 microfarad and 
15 kv. 

3. Single-phase windings may be tested, if two at a 
time are available for comparing one with another. 

4. Exact location of turn-to-turn faults from wa^e 
shapes on the oscilloscope screen involves compari¬ 
sons of wave details which are somewhat impractical 
from a routine test standpoint. However, if t le 
fault is outside of the slots and several kilovolts are 
being applied, sparking will be seen at the fault. 

5. Test equipment has been considered for ma¬ 
chines of higher kilovolt-amperes and voltage rat¬ 
ings with multiturn coils. 

6. Maximum coil voltage ranges from 25 to 50 
per cent of applied voltage and tapers off to about a 
ten per cent minimum as the surge travels through 
the winding. Assuming three kilovolts applied 
voltage, this means 750 volts to 1,500 volts on the 
first coil and 300 volts minimum further along in the 
winding. 

Regarding J. L. Fuller's discussion, oscil¬ 
logram 12 in Figure 4 of the paper shows 
how the wave is inverted by a ground at the 
neutral. A misconnection which occurs 
symmetrically in all phases is a rather re¬ 
mote possibility but would be indicated by 
some change in wave shape if not by wave 
divergence. 

The tester already has been applied to 
individual coils of various kinds with some 
success. However, with coils or windings 
having high impedance because of a large 
number of turns of small wire, the stray 
capacitance network becomes a factor in 
determining wave shape, and this may vary 
from coil to coil so that some divergence may 
be found with coils having no insulation 
faults. This normal divergence will tend to 
obscure the indication of a single shorted 
turn and will require a minimum of four or 
five shorted turns to produce good indica¬ 
tion. 

We are glad to note, and we share Mr. 


Fuller's interest, in the use of this type of 
testing equipment for d-c armatures. While 
the winding insulation tester is designed par¬ 
ticularly to stress turn insulation, it also 
stresses the major insulation between con¬ 
ductor and ground and really constitutes, 
therefore, a comprehensive high-potential 
test. However, this test is at present addi¬ 
tional to other tests and it is not proposed to 
discontinue the normal high-potential test 
to ground. 

In reply to F. L. Lawton’s question, the 
test voltages for low-voltage equipments 
have ranged from 2,500- to 5,000-volt crest. 
Of course, where a positive fault is already 
present in a winding, a voltage as low as 500 
volts is enough for its indication. 

The winding insulation tester has been 
used for machine voltages ranging up to 
3,000 volts rating and of several thousand 
kilovolt-ampere capacity. For large ma¬ 
chines which may vary considerably as to 
circuit constants and insulation, test volt¬ 
ages must be selected in view of normal surge 
voltage distributions and to provide insula¬ 
tion stresses adequate to reveal weaknesses 
which might cause or contribute to service 
failures. 

In closing the authors wish to thank the 
discussers for the interest they have shown 
in the paper and to declare their readiness 
lo answer any further questions which may 
come up. 

Measurements Pertaining to 
the Co-ordination of Radio 
Reception With Power 
Apparatus and Systems 

Discussion and authors' closure of paper 43-57 
by C. M. Foust and C. W. Frick, presented at 
the AIEE national technical meeting, New 
York, N. Y v January 25-29, 1943, and pub¬ 
lished in AIEE TRANSACTIONS, 1943, 
June section, pages 284-91. 

Arthur Bessey Smith (Associated Electric 
Laboratories, Inc., Chicago, Ill.): We are 
very glad for the work which the authors 
have done in the measurement and suppres¬ 
sion of radio interference from electrical 
apparatus and in making public these data. 

Lord Kelvin stated that we have no true 
scientific knowledge until we can express 
what we know by means of numbers. By 
means of numbers George Stephenson con¬ 
founded the rule-of-thumb "engineers” of 
his day and won the battle for the level rail¬ 
road track, on which the steam locomotive 
proved its ability to give the cheapest haul¬ 
ing cost on land. 

The expression of our knowledge by 
means of numbers is today the ardent desire 
of all engineers. Yet those who do venture 
to publish their numerical results are sure 
to receive comment and even criticism. 
This is especially true in the measurement 
of radio noise, which has proved to be ap¬ 
parently the most erratic quantity to 
measure. Yet a start must be made, and 
data must be published. We recognize the 
service which the authors have performed. 

The relation between two sources of 
radio interference operating at the same time 


has long been observed by those working in 
this field. At first it was thought that the 
amount of reduction of interference was 
our objective. But it was soon discovered 
that this had little value to the public. 
That which seems most important in the 
public ear is the remaining interference, 
after the application of suppression devices. 
Perhaps this is the reason why so many years 
have passed before the publication of data 
on differing numbers of disturbers in paral¬ 
lel. 

From the standpoint of residual noise, one 
offender was about as bad as two. For in¬ 
stance, while working on small automatic 
telephone exchanges, we found that to 
suppress either the calling device or the 
switch in the central office did not clear 
the complaint. Both had to be suppressed 
at the same time. 

My attention has been attracted to the 
authors' Table X. Visual inspection shows 
that two insulators give not much more 
Radio-Influence Voltage than one. This 
agrees with past experience. 

As to the mathematical expression which 
most closely represents the results of tests, 
I have applied variations of the root-sum- 
square expression proposed by the authors. 
The results are at least interesting. 

First, I averaged the eight values of RIV 
for one insulator and regarded it as the true 
value for one insulator. The eight samples 
ought to come nearer the truth than two or 
three. Then I put this into the root-sum- 
square expression, causing it to become 

V = Vnv 2 =v\/n 

in which 

n = number of insulators operated at the 
same time 

v — average RIV for one insulator 
V —total RIV when n are operating 

Then it occurred to me to question the 
index 0.5 applied to n . Might some other 
value be closer to the truth? Assuming that 
the values of V for n = 1 and n — 4 are 
correct, I calculated the index which will 
pass a curve through those points. There 
came out a different index for. each test 
voltage applied to the insulators. 

There result four expressions: 

V—vi n a V=v 2 n b V—v 3 n c V—vm d 

These indexes are 

a = 0.41478 and v\ = 4,276 
6 = 0.38310 v 2 = 15,875 
e = 0.35169 v 3 = 28,250 

<2 = 0.37759 = 43,250 



Figure 1 
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Table !. Radio-lnfluenc Voltage of Insulators 

Comparison of Test Data and Formulas 


Test Data 


Root-Sum- 

Square 


Per Cent 
Error 


Root-Sum- 

Square 


Per Cent 
Error 


Root-Sum- 
Square 


Per Cent 
Error 


10 Kv 
n 

1..1.000 . 

2.. 1.3796. 

4.. 1.7772. 

8.. 2.6891. 
16 Kv 

1 .. 1 . 000 . . 
2. .1.2283. 
4. .1.7008. 
8. .2.2047. 

22 Kv 
n 

1..1.000 .. 

2.. 1.0619.. 

4.. 1.6283.. 

8.. 2.2655.. 
28 Kv 

1.. 1.000 

2.. 1.1329.. 

4.. 1.6879.. 

8.. 2.2428.. 


. 1.000 . 
.1.4264. 
.1.8707. 
.2.8528. 


.1.090 . 
.1.4803. 
.2.1417 
.2.8346. 


. 1.000 . 
.1.5044. 
.2.2124. 
.2.9026. 


. 1.000 . 
.1,4332. 
.2.0649. 
.2.8527. 


.0 

. + 3.39. 
• + 5.26. 
.+ 0.61. 

■ 0 

.+20.5 . 
.+26. . 

. +30. . 


. 0 
. +27.6 
.+35.9 
. +28.2 

. 0 

. +26.5 , 
.+22.4 , 
• +27.2 . 


Index 0,41478 

.. 1.000 . 0 

•■1.3331.- 3.38. 

..1.7772. 0 

• -2.3690.-11.9 

Index 0.38310 
..1.000 . 0 

• .1.3041.+ 6.17. 

..1.7008. 0 

• ■2.2181.+ 0.6 

Index 0.35169 

.. 1.000 . o 

■ .1.2701.+20.2 

..1.6637. 0 

■ 2.0778.+ 8.3 

Index 0.37759 

.1.000 . 0 

.1.2932.-{-U i 

.1.6879. 0 

• 2.1028...... - 2 22‘‘ 


Index 0.38179 

.. 1.000 . 0 

. . 1.30305.55 

. .1.6997.- 4 47 

. .2.2120.-17,7 

Index 0,38179 
..1 000 . 0 

■ • 1 • 3030...,.,+ 6.05 

• .1.6997.- 0.065 

• . 2.2120 .+ 0.33 

Index 0.38179 

.. 1.000 . 0 

■ .1.3030.+22.6 

.1.6997.+ 4.38 

.2.2120.- 0,24 

Index 0.38179 

.1.000 . 0 

.1.3030.+ 6.18 

.1.6997.+ 0.70 

T , ... ....... . .2.2120 .— 1.37 

3 and 4 agree" fairly well Titfthe" t^sVdatl^As IhlveT™ in the 6g“res in columns 

Each of the test data curves looks more like a straight line P ^ CUrvature ^ the agreement is not as good. 


It will be observed that the value of the 
index tends to go down as the operating 
voltage rises. This makes it appear that 
different values of operating electromotive 
force on the insulator produce differing 
rates of increase as the number of insulators 
is increased. 

These four expressions seem to agree fairly 
well with the test data, but not uniformlv 
so. 

Then I averaged these indexes, obtaining 
a value which X hoped might be valid for 
all electromotive forces. This average is 
0.38179. 

It will be observed that n a is the ratio of 
any V value to the V for one insulator. This 
led to the comparison of the several ex¬ 
pressions by means of their ratios to the 
RIV for one insulator. The complete com¬ 
parison is given in the Table I of this dis¬ 
cussion. No attempt was made to smooth 
out the curves of the test data, though for 
the 10-kv data, the RIV for eight insulators 
seems to be out of line. The per cent col¬ 
umns give the per cent which the calculated 
value is above or below the test data. 

It is to be hoped that future work will 
clear away present uncertainties and reveal 
with clearness the essential relation between 
radio interference and the number of offend¬ 
ing devices. The authors have done us a 
good turn by starting us on the way. 

F. O. Stebbins (General Electric Company 
Schenectady, N. Y.): This paper covers in 
an excellent manner the radio-noise problem 
as it applies to present day radio-noise 
measuring instruments and to the establish¬ 
ment of satisfactory radio-noise levels. The 
data show that radio noise is exceedingly 
complex, and the determination of a basis on 
which radio-noise measuring instruments 
should be designed requires considerably 
more research. 

Radio-noise problems on aircraft, though 
not specifically mentioned in this paper, are, 
nevertheless, of considerable importance! 

In general there are two types of aircraft. 
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the all-metal aircraft in which the body of 
the plane effectively shields the radio 
antenna (except for the antenna lead-in 
wire) from radio noise developed in the 
body of the plane, and the nonmetallic air¬ 
plane body in which the radio antenna is 
not shielded from radio noise in the air¬ 
plane. 

Many aircraft today operate with d-c 
power systems. Sources of radio noise 
which are connected directly to the power 
systems may be aircraft generators, motors, 
and other commutating machines, con¬ 
tactors and relays, vacuum tube devices, 
and so forth. The most commonly used 
methods for minimizing the effects of this 
noise on the airplane radio receiver are: 

1. The use of well-shielded and well-filtered radio 
receivers with shielding on the antenna lead-in wire. 

2. The use of well-grounded shielding on the wiring 

m the airplane. 6 

3. The use of radio-noise suppression filters on the 
devices m the airplane which develop radio noise. 

4. Combinations of the above three methods. 

A second source of radio noise on air¬ 
craft is the aircraft engine ignition system. 
The magneto and spark plugs develop high 
radio-noise levels and require shielding. 
The ignition wiring between the magneto 
and the spark plugs may develop radio 
noise because of the formation of corona at 
high altitudes where the atmospheric pres¬ 
sure is low. Since corona is harmful to the 
insulation on these wires, methods for sup¬ 
pressing this type of noise require that the 
corona formation be prevented. This can 
be accomplished by enclosing the ignition 
wires in a properly grounded radio shield and 
maintaining approximate atmospheric pres¬ 
sure inside the shield by supercharging, by 
completely impregnating the shield with 
gel, or by other means. 

Other sources of radio noise on aircraft 
may be the arcs that result from static 
charges built up on different parts of the 
airplane during flight. In general these 
types of radio noise can be suppressed by 
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properly grounding the parts in which these 
charges develop. 

The radio-noise problem on each differ¬ 
ent design of airplane is different, because 
the electrical systems on any two designs 
are not the same. The most economical 
solution to this problem is obtained - when 
radio-noise measurements are made on the 
airplane after the electrical installation is 
complete. 


S. W. Zimmerman (General Electric Com¬ 
pany, Pittsfield, Mass.): The authors of 
this paper have gone a long way in presenting 
a clear-cut story on the status and limita¬ 
tions of present standard noise-measure¬ 
ment technique and the relationship be¬ 
tween noise generated and noise received. 

Of particular interest is their study of 
noise meter operation over a period of time. 
The variations experienced in the calibra¬ 
tion of the different meters occasionally 
leads^ to embarrassment where different 
individuals or organizations are called upon 
to check each other, unless fairly wide 
tolerances are allowed. From data which 
the authors present at least 20 per cent 
deviation should be allowed at 10 micro¬ 
volts and as much as 80 per cent deviation 
at 10,000 microvolts. 

In connection with the calibration of 
these noise meters, it has also come within 
my experience that there is a variation in 
calibration with frequency which of course 
is a function of the alignment of the tuned 
amplifiers of the measuring system and the 
method of internal calibration which causes 
a variation throughout the frequency range 
of the instrument. Such data have been 
obtained for three different noise meters 
(not those used by the authors). 

I should like to point out then that our 
present standard equipments to make 
measurements have associated with their 
use three inherent sources of error, scale 
form, frequency, and wave form. For cer¬ 
tain more or less precision work these fac¬ 
tors must be taken into consideration. One 
method is to refer all calibrations to a de¬ 
pendable accurate signal generator. 

The relation between constant output 
voltages obtained with a reliable signal 
generator producing a sine wave over a 
wide range of frequencies and corresponding 
radio-noise meter readings is plotted in 
Figure 2 of this discussion with frequency 
as abcissa and radio-noise meter readings 
as ordinate. It should be noted that for 
perfect agreement these “isovoltage” curves 
(constant input voltages) should be straight 
lines which join up at ends of the frequency 
ranges and have an ordinate value equal to 
the calibrating voltage. However, because 
of the three factors mentioned above, we 
expect to experience a deviation from this 
condition. Position and shape of the curves 
give some idea of what variation might be 
expected^ between signal generator calibra¬ 
tion and internal calibration. Note particu¬ 
larly the position of the broken line curves 
which are upper scale readings obtained 
from a two range instrument and should 
check the solid line immediately adjacent, or 
lower, which was obtained on the lower 
scale. 

In radio-noise filter work a sine wave 
source of voltage has been a helpful basis 
for development and test work. Data ob¬ 
tained in this manner agree very well with 
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Figure 2. Meter readings for constant input to radio-noise meter 


operation experience where the source of 
noise is due to brush sparking, and so forth, 
providing proper care is taken with meas¬ 
urements technique and proper correction 
factors applied. 

The square wave generator has some pos¬ 
sible advantages as a means of standardiz¬ 
ing noise meters in that it approximates 
actual noise source conditions measured on 
•equipment, but this type of standardization 
■does open up another question, that of 
standardizing the square wave generator. 
Present oscillographic technique makes 
this possible but somewhat more compli- 
•cated than sine wave testing and in my way 
of thinking perhaps is less desirable. We 
have trouble getting good signal generators 
to agree at 20 megacycles sine wave. Are 
we not asking for more trouble when we 
•expect square wave generators to do this? 

I believe that present noise-meter per¬ 
formance may be considered satisfactory in 
view of the complexity of the problem, but 
we must not lose sight of the fact that 
reasonable interpretations of radio-noise 
•data must be made. If asked to produce 
electrical apparatus guaranteed to meet a 
certain specified limit of radio-noise per¬ 
formance, as expressed in * microvolts, I 
believe that even our best radio-noise 
meters should be used only as transfer 
standards and should be referred to some 
type of reliable standard signal generator 
immediately upon making measurements if 
this limit of radiohioise performance is to 
be considered definite. 


A. E. Anderson (General Electric Company, 
Philadelphia, Pa.): The paper by Foust 
and Frick indicates that considerable prog¬ 
ress has been made in standardizing proce¬ 
dure and obtaining data. They have also 
indicated the desirability of obtaining addi¬ 
tional data which will serve to confirm the 
original conclusions or suggest some modi¬ 
fication. 

Numerous measurements have been made 
on various types of circuit breakers, 
switches, insulators, and other apparatus 
found in switchgear, from which it has been 
possible to determine certain limits of 
radio-influence voltage that could be met 
iin the course of manufacture. This part 


of the program has been facilitated chiefly 
by the relative simplicity of the insulating 
or insulated parts used in such apparatus. 

When some of these devices are arranged 
in assemblies, the problem becomes some¬ 
what more complex. First, there is the 
matter of several devices in parallel, in so 
far as testing is concerned, which may raise 
the level perceptibly. Secondly, the many 
and various items used in such assemblies 
make it difficult, at present, to establish a 
workable level. Not only may each item 
contribute appreciable amounts of RIV but 
the problem of determining their relative 
contributions, particularly if the measured 
jR/Fis high, may be exceedingly complicated. 
However, such (over-all) measurements 
have been made and will be continued as 
far as the present emergency permits, with 
the ultimate objective of establishing levels 
that can be applied to switchgear assemblies. 

As a matter of some assurance, but not 
necessarily to show that the investigations 
have reached a final or semi-final stage, it 
may be said that a large majority of switch- 
gear apparatus and switchgear assemblies 
have so far fallen in the classification of 
"No Complaints” as indicated in Figure 
2 of the paper. In those few cases where 
difficulty was experienced in the field, it 
was found that the corrections were of a 
simple nature. 

These remarks are given chiefly to indi¬ 
cate to the users of switchgear that while 
limits are not given for switchgear assem¬ 
blies, and there have been no reported com¬ 
plaints, the subject is not resting here, but 
will be investigated further so that limits 
may be adopted ultimately for this type of 
equipment. 


R. S. Tucker (Bell Telephone Laboratories, 
Inc., New York, N. Y.): The Foust and 
Frick paper is called herein the "Co-ordina¬ 
tion paper” and the Aggers, Pakala, and 
Stickel paper the "Coupling paper.” 

I agree with the Co-ordination paper 
that it is desirable to improve the accuracy 
of radio-noise meters, and that the relatively 
small errors quoted in this paper are only 
attainable by experienced technical person¬ 
nel carefully following the detailed direc¬ 
tions in the manufacturers’ information on 


these meters. In our experience the devia¬ 
tions will be considerably greater than these 
with ordinary use of such radio-noise meters. 
This situation is largely due to the relatively 
strict requirements on weight and cost of 
these meters. After the war it may well 
prove advisable to have a so-called "pre¬ 
cision radio-noise meter” which could be 
used in development work by the various 
organizations and would be larger and more 
expensive than the maintenance-type me¬ 
ters which are at present available. In 
addition, developments in the art would 
very likely improve this latter type of 
meter. However, the accuracy required 
is by no means as great as that required for 
such instruments as ammeters; this is be¬ 
cause of the variability in several of the 
factors governing radio interference. 

In regard to these factors, two other 
sources of information will be of interest to 
people studying this subject: a British 
report on "Electrical Interference with 
Radio Reception” by A. J. Gill and S. 
Whitehead in the Institution of Electrical 
Engineers Journal 1938, pages 345 to 394 
and an article in the Bell Laboratories Rec¬ 
ord for June 1942 entitled "Factors Con¬ 
trolling Man-Made Radio Interference” 
by R. A. Shetzline. Some of the material 
in the latter article bears directly on the 
work presented today. This material is 
given below in a form adapted to the 
present discussion. 

First compute the signal-to-noise ratio— 
or better, the carrier-to-noise ratio—at the 
input of the listener’s radio receiver. In 
order to do this, find the carrier voltage 
across the receiver input and the noise 
voltage at the same point. The carrier 
voltage is EH, where E is the free-field 
carrier field intensity in the neighborhood of 
the antenna and H is the ratio of the carrier 
voltage across the receiver input to this 
field intensity. (H has the dimension of 
height but is not the effective height of the 
antenna, which is the ratio of the open- 
circuit voltage to the field intensity.) The 
noise voltage across the receiver input is 
VAC, where V is the "on-line” radio-in¬ 
fluence voltage at the source, A is the at¬ 
tenuation ratio from this point to a point 
on the line near the radio antenna, and C is 
the coupling ratio between the voltage at 
the second point and the voltage across the 
receiver input. The carrier-to-noise ratio 
is then the quotient of these two quantities, 
or R = EH/VAC. Hence V = EH/RAC. 
Now both H and C involve the voltage 
across the receiver input, which depends on 
the receiver input impedance; but the 
quotient H/C is independent of this im¬ 
pedance and is a convenient number to use 
to characterize the relative coupling to the 
radiated program field as compared to the 
coupling to the radio noise. This ratio 
H/C is called U. It can be described as the 
radio-influence voltage on the line near the 
antenna which would give a carrier-to- 
noise ratio of unity for a program field of 
one volt per meter. It is a property of the 
effectiveness of the antenna installation and 
the coupling to the disturbing system and is 
susceptible of statistical study. , Thus 
V—EU/RA , from which the permissible 
"on-line” radio-influence voltage can be 
calculated. A limited number of measure¬ 
ments of U, for exchange-area telephone 
plant as the system carrying disturbance, 
gave a median value of about 30, and a 
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value of about three which was exceeded in 
90 per cent of the instances. 

In the two papers under discussion, there 
appears to be included in limiting values for 
V no specific allowance for attenuation of 
the radio disturbance from its source to a 
point on the power system near the antenna, 
though certain particular cases of such 
attenuation are noted. This attenuation 
may be due to propagation down the line 
to which the interfering source is con¬ 
nected or due to coupling between this line 
and some other part of the power system 
which is closer to the antenna. 

In the above formula the signal carrier 
and the noise were obtained by measure¬ 
ments across the radio receiver input and 
not by measurements of the field intensity 
underneath the antenna or of the voltage 
induced in a one-meter antenna at this 
point. This is a material distinction. The 
noise voltage at the receiver input often 
may be due chiefly not to direct radiation 
or induction into the antenna itself, but to 
coupling from the low-voltage circuits into 
the^ connection from the antenna to the 
radio set or the connection from the radio 
set to ground. This was the British ex¬ 
perience, as stated in the report referred to 
above. Furthermore, the effectiveness of 
the antenna and lead-in in collecting radio 
program is measured by the ratio of the 
carrier input to the radio receiver com¬ 
pared to the field intensity of the radio 
carrier in relatively free space in the general 
neighborhood of the antenna. The field 
underneath the listener’s antenna may be 
materially greater or less than this free- 
field intensity, depending on the effects 
of nearby wires and other metallic objects; 
and such local aberrations in the field 
necessarily are not included in the usual 
information on fields from broadcast stations. 

*^ke Canadian information on coupling 
and effective heights given in Part 4 of the 
Co-ordination paper is not presented in 
great enough detail to be sure whether it 
conforms to the above principles. It is 
understood that the data presented in the 
Coupling paper took into account noise in¬ 
duction into lead-in and ground connection, 
m a manner which is not clearly indicated 
m the preprint; and it seems that some 
further details along the lines of the above 
principles would be of value. 


certain types of high-voltage apparatus. 
These practices have been reproduced in 
Tables III, VI, and VIII of the paper by 
Foust and Frick. The levels for high-volt¬ 
age apparatus have, however, received some 
discussion in the industry, and views have 
been expressed that lower values were de¬ 
sirable. The NEMA practices are being 
submitted to the Joint Co-ordination Com¬ 
mittee for consideration in adopting an 
industry-wide standard. Aggers, Pakala, 
and Stickel have not included levels in their 
paper on the basis that they should be con¬ 
sidered first by the Joint Co-ordination 
Committee. However, under the circum¬ 
stances, it is undoubtedly desirable that the 
subject should receive full discussion at this 
time. 


by all the parties concerned. No standard 
can be set for any one factor in the problem 
without balanced consideration of all the 
other relevant factors in the problem. 


R. D. Evans (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Solution of co-ordination problems 
involving radio-receiving systems and power- 
supply systems has been undertaken by the 
Joint Co-ordination Committee on Radio 
Reception of the Edison Electric Institute, 
National Electrical Manufacturers Associa¬ 
tion, and the Radio Manufacturers Associa¬ 
tion. Progress to date has included 

The development and adoption of instruments 
f’orh^h n 3 measurement for appliances and 
for high-voltage apparatus 

w, Th f e esta “ ishme “t °F radio-influence voltage 
levels for appliances and small motors. 

The corresponding characteristics for high- 
voltage apparatus have been discussed, but 
no levels have been adopted. To meet the 
commercial needs of this situation NEMA, 
after divergent discussions, adopted prac¬ 
tices which set test voltages for radio-in- 
nuence-voltage measurements and which 
define radio-influence-voltage levels for 
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Determination of radio-influence-volt age 
levels of apparatus, as pointed out by 
Foust and Frick, may be based on experience 
and on theoretical analysis. Experience is 
of limited value for such purpose, although 
it provides a valuable check on the other 
method. Presentation of the theoretical 
method was made by Mr. Aggers, and a 
statement of it is incorporated in the paper 
of which he is a joint author. Briefly, the 
method relates radio-influence-voltage 
(RIV) levels of apparatus and the field 
strength of satisfactorily received signals 
by means of the following factors: 

1. Ratio of "on-line” RIV to test RIV. 

2. Ratio of "under-line” RIV to "on-line” RIV. 

3. Ratio of field strengths at antenna and at 


"under-line” locations. 

4. Signal to noise ratio required for satisfactory 
radio reception. 

Foust and Frick also present a similar 
analysis. The two presentations give closely 
the same result, except for the ratios of 
items 2 and 3. For the ratio of "on-line” 
RIV to test RIV, Aggers, Pakala, and 
Stickel give a ratio of 1 to 2.4, whereas 
Foust and Frick give a ratio of 1 to 1.5, 
A more important difference appears in the 
use of the coupling factor that gives the ratio 
of the field strengths at antenna and at 
"under-line” locations. Aggers, Pakala, 
and Stickel present coupling data from a 
survey in an urban area, while Foust and 
Frick present data taken in Canada by the 
radio division of the Department of Air 
Transport under the direction of Mr. H. O. 
Merriman. Both sets of data give closely 
the same percentage of antennas tested for 
coupling factors exceeding a given value. 
In the use of the Canadian data it is sug¬ 
gested that for 90 per cent of all antennas, 
a coupling factor of 1 to 3.2, corresponding 
to 30 per cent of antennas tested, should be 
used. Aggers, Pakala, and Stickel, how¬ 
ever, found for the area surveyed that an 
average coupling-factor ratio of unity ap¬ 
plied when distribution circuits were in¬ 
volved. The preceding discussion may be 
modified somewhat by a susceptiveness fac¬ 
tor for antenna and receiving systems. This 
factor is listed in both papers, but the as¬ 
sumptions and manner of use are not clearly 
stated and should well be clarified. 

The determination of the proper relative 
values for radio-influence-voltage levels of 
power apparatus, the broadcast signal 
strength to be considered, the percentage 
of listeners to be affected, and the areas in 
relation to the power line to be protected 
are complex questions which can be an¬ 
swered only by co-operative consideration 

Discussions 


C. M. Foust and C. W. Frick: The authors 
appreciate the attention given to this paper 
in written discussions and wish to thank 
those who have contributed for their helpful 
interest. 

On the subject of radio-influence voltages 
for a number of pieces of apparatus con¬ 
nected in parallel, A. B. Smith has con¬ 
tributed a further and important analysis 
of the data given in Table X of the paper. 
The practical method of estimating the 
increase in radio-influence voltage for added 
units by the root-sum-square method as 
outlined in the paper has been found quite 
useful on a number of occasions. This 
method accepts the relation that the radio¬ 
influence voltage is proportional to the 
square root of the number of units in paral¬ 
lel, or in other words to the 0.5 power of n. 
Dr. Smith has shown by direct analysis of 
the measurements of Table X of the paper 
that even at the different voltage levels the 
exponent of n is nearer 0.38 for these in¬ 
sulators. The authors believe that this 
method of analysis should be extended to- 
the other test samples. 

The same question of radio-influence 
voltage of paralleled apparatus is men¬ 
tioned in the discussion by A. E. Anderson, 
who calls attention to the difficulty of 
establishing over-all workable limits for 
switchgear assemblies. The authors ap¬ 
preciate this problem and recognize that 
where paralleled units are of different types 
and in addition affect each other, it is not 
possible to use a simple mathematical rela¬ 
tion for combined radio-influence voltage. 
Further data, such as Mr. Anderson indi¬ 
cates, are now being collected and will 
clarify this situation. 

F.. O. Stebbins’ comments on radio noise 
on aircraft constitute an interesting general 
view of a field of work which is particularly 
important at this time. The experiences of 
the authors in connection with aircraft 
apparatus measurements in both laboratory 
and field have been that, while helpful data 
can be gathered in the laboratory, as Mr. 
Stebbins points out, final performance 
checks are necessary on the airplane after 
the electrical installations are complete. 

S. W. Zimmerman calls attention to a very 
important problem, that of the need for a 
basic standard of radio-influence voltage 
which would establish definite frequency 
and wave form characteristics. As he 
points out, the need for this is very urgent, 
particularly because of difficulties attendant 
to radio-influence-voltage checks in different 
laboratories and at different times. It is 
hoped that this problem will be given forth¬ 
right attention because progress in radio¬ 
noise-meter improvements is closely re¬ 
lated to such standardization. 

In Mr. Evans’ discussion of the general 
situation he agrees with the statements in 
our paper to the effect that the limits of 
radio-influence voltage for high-voltage 
apparatus as given in Table III and the 
test voltages as given in Table VI have been 
adopted by the National Electrical Manu¬ 
facturers Association. It is hoped that the 
adoption of values by other committees will 
come in the course of time. 
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With regard to the determination of 
radio-influence-voltage limits of apparatus 
as based on experience and theoretical 
analysis, it seems to the authors that ex¬ 
perience is always the final criterion. How¬ 
ever, since we had data on both apparatus 
experience and circuit measurements in the 
field available for analysis, we included both 
in the paper. It is interesting to note that 
the limits derived from these two differing 
methods are in good agreement. 

The discussion presented by R. S. Tucker 
is very helpful, and his suggestion as to the 
advisability of a "precision radio-noise 
meter’’ is worthy of consideration. However, 
it is important to bear in mind that even 
with such a noise meter at hand the question 
of its calibration on a wide range of types 
of noise voltage would still be present. 

Mr. Tucker’s analysis while not greatly 
different from the one given in our paper 
does seem to take attenuation, along lines, 
into consideration. Questions of wave 
shape and reflection possibly make this sub¬ 
ject a difficult one to handle. Such meas¬ 
urements as we have made on field circuits 
show considerable complication and are, 
therefore, difficult to be used in a practical 
way. 

With regard to the Canadian data, we did 
not reproduce this in detail, having in mind 
it was covered by items II and 12 in the 
bibliography. 

Effect of Radio Frequencies 
of a Power System on 
Radio-Receiving Systems 

Discussion of paper 43-58 by C. V. Aggers, 
W. E. Pakala, and W. A. Stickel, presented 
at the AIEE national technical meeting, New 
York, N.Y., January 25-29, 1943, and pub¬ 
lished in AIEE TRANSACTIONS, 1943, 
April section, pages 169-72. 

R. S. Tucker: For discussion, see page 457 

R. D. Evans: For discussion, see page 458. 

An Instrument for the 
Determination of Contact 
Making and Breaking Time 

Discussion and author’s closure of paper 43-1 
by Walther Richter and William H. Elliot, 
presented at the AIEE national technical 
meeting. New York, N. Y., January 25-29, 
1943, and published in AIEE TRANSAC¬ 
TIONS, 1943, January section, pages 14-16. 


H. L. Clark (General Electric Company, 
Schenectady, N. Y.): The "electronic 
time gauge” described is similar in many re¬ 
spects to another recently designed instru¬ 
ment which we have found useful for ap¬ 
plications requiring a direct indication of 
time. This time-interval meter reads dir 
rectly on a 0-10/100/1,000/10,000-milli- 
second scale with per cent accuracy. 


The indication is maintained with a drift 
of 0.2 per cent per minute or less. This 
accuracy and stability is obtained by an 
inverse feedback scheme which serves to 
hold the capacitor charging rate constant 
to within 0.01 per cent and at the same time 
corrects for leakage from the charged capaci¬ 
tor. Normal variation in the vacuum-tube 
characteristics does not affect the accuracy. 
Coincidentally, the full scale indication of 
this instrument is determined for a change 
of 25 volts in the capacitor charge compared 
to 20-volt change required in Richter and 
Elliot’s time gauge. 

The original application of the time- 
interval meter was in measuring the timing 
of camera shutters. A phototube and am¬ 
plifier operate an electronic trip circuit to 
allow the capacitor to charge during the 
time the shutter is open and passing light 
onto the phototube. For another measure¬ 
ment the timing is started by an electrical 
contact and stopped by light on the photo¬ 
tube. The circuit also has been adapted for 
many other measurements by arranging it to 
measure between almost any sequence of 
rise or fall of light or making or breaking of 
an electrical circuit. 


Walther Richter: The essential difference 
between the "electronic time gauge” de¬ 
scribed by H. L. Clark probably is that he 
had to measure the duration of the presence 
of one quantity, such as light, or current, or 
voltage, while in our case the duration of the 
simultaneous presence of two quantities, 
that is, voltage and current, had to be de¬ 
termined. We believe that the circuit ele¬ 
ment accomplishing this is the distinguish¬ 
ing novel feature of the instrument. As to 
the accuracy mentioned by Mr. Clark, there 
are undoubtedly many cases where this 
high degree of accuracy is desirable and 
necessary; in our case, however, a portable, 
direct reading instrument was desired, and, 
since the small switchboard instruments 
available for this purpose have an accuracy 
of about two per rent of full scale deflection, 
nothing would have been gained by refining 
the electronic part of the circuit. 

Rural Electrification 

Engineering and Electro- 
agricultural Engineering 

Discussion and author’s closure of paper 43-61 
by M. M. Samuels, presented at the AIEE 
national technical meeting. New York, N. Y., 
January 25—29, 1943, and published in AIEE 
TRANSACTIONS, 1943, April section, 
pages 193-7. 


Donald A. Henry (nonmember; Stone and 
Webster Service Corporation, New York, 
N. Y.): The matter of rural electrification 
is one which is very near to my heart, as all 
of my ancestors were farmers. I want to 
compliment the Rural Electrification Ad¬ 
ministration on having done a good job. It 
is stated that at the end of 1942 it has been 
responsible for extending rural electrical 
service to about 1,000,000 customers, of 
whom about 800,000 actually are farmers. 


Of course, this has been done through a 
considerable expenditure of funds of the 
Federal Government of which, through 
taxes, the electrical utilities contributed 
their part. 

Rural electrification is not a new thing 
and did not begin in 1935. In 1920 I was 
the chief electrical engineer on the staff of 
the Illinois Commerce Commission, and as 
such I spent a great deal of time in investi¬ 
gation and study of the matter of rural elec¬ 
trification. On June 20, 1923, that Commis¬ 
sion approved its general order 100 entitled 
"Rules and Regulations for Rural Electrical 
Service”—mind you, not rural line exten¬ 
sions, but rural electrical service. 

I am sure that all of you have heard of the 
Committee on the Relation of Electricity to 
Agriculture of which my good friend, E. A. 
White, was the chairman for many years. 
This committee and the staff of the Illinois 
commission worked together with electrical 
utilities in Illinois for the promotion of rural 
electrification in Illinois for many years be¬ 
fore 1935. Many electrical utilities had 
graduate agricultural engineers on their ad¬ 
visory staffs whose sole business it was to 
promote rural electrification. 

A glance at statistics may be useful. In 
1932 there were 700,000 farmers served with 
electricity; in 1935, 790,000; in 1941, 
2,353,000 of which the REA had, by that 
time, attached 725,000. In 1942 the REA 
claims 1,000,000 customers, of whom prob¬ 
ably 800,000 actually are farmers. These 
figures do not look as though rural electri¬ 
fication began in 1935 nor do they indicate 
that even in 1942 the REA was the only one 
in the field. In 1927 practically every elec¬ 
trical utility in Illinois had on file with the 
Illinois Commerce Commission special plans 
under which rural electrification was to be 
extended in the territories served by them. 

The electrical utilities early found that it 
was not sufficient to have a plan of service 
and invite the farmers to come and take it. 
As is the case with every other compara¬ 
tively new thing, it had to he sold. The 
electrical utilities spent large sums in selling 
electrical service and electric appliances for 
using the service to the farmers. 

The early pronouncements in connection 
with REA were that, if the lines just could 
he brought to the farmer’s door, he would 
do all the rest, and these large expenditures 
for popularizing the service were superfluous. 

I see frequently a small publication entitled 
REA News. Later copies of this publication 
state that the national organization of REA 
is sponsoring traveling circuses in order to 
popularize the service in rural areas and sell 
electrical appliances to the farmer. This 
does not seem to indicate that the farmers 
fall over themselves to use the service as 
soon as it comes to their door. 

True, I think that the REA is doing a 
good job in selling electrical service to the 
farmer, but the utilities also did a good job, 
and they did the pioneer work which is the 
hardest job to do. We all remember when 
electric refrigerators sold at $500 apiece, 
and the manufacturer was lucky if he could 
sell a few hundred a year. Now, over a mil¬ 
lion are sold each year at $100 or less apiece. 
The fellows who did the pioneer work took 
the bumps, and, if they made any money 
after their development and promotion ex¬ 
penses were paid, it was a very small amount. 
Later on, after the pioneering was done, 
other manufacturers came in and reaped a 
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share of the business in much easier fashion. 
Yes, the REA has increased to a consider¬ 
able extent the rural areas served with elec¬ 
tricity, but it has had the advantage of the 
pioneering work done by the electrical utili¬ 
ties. Electrical utilities found that they had 
to sell the service even after the lines were in. 
The REA has found it has to do the same 
thing, but together the REA and the elec¬ 
trical utilities are undoubtedly doing a better 
job than either could accomplish separately. 


Hamilton Treadway (Rural Electrification 
Administration, St. Louis, Mo.): The au¬ 
thor's point that before 1935 there was no 
rural electrification engineering needs em¬ 
phasis. Table I summarizes consumer use of 
electricity on one of the rural electric co¬ 
operatives financed by REA. 


Table I 


Group Appliances 

No. 

of 

Users 

Average 
Kilowatt- 
Hours Per 
User Per 
Month 

A.... Lights, refrigerators, 
small appliances. 

..149.. 

...91 

B. ... Lights, refrigerators, 
range, small appli¬ 
ances . 

...25.. 

... 149 

C-Lights, refrigerators, 

water heaters, small 
appliances. 

...23. . 

...353 

D. . .Lights, refrigerators, 
range, water heater, 
small appliances. 

, .102. . 

... 506 

Average all users. 

..299.. 

.. .258 


By our urban standards the users in 
Group D would be considered fully electri¬ 
fied. But actually only a small part of the 
total farm unit has been touched. Obviously 
a new standard for rural consumers is neces¬ 
sary.. The farm must be considered as a pro¬ 
duction unit to which electricity can be 
adapted in every phase of the production 
process. This view must give rise to new 
concepts of service standards. For one 
thing greater continuity of service is re¬ 
quired than was ever thought necessary a 
decade ago. An example will suffice to 
illustrate. Assume service is supplied to 
500 chicken brooders, each handling 200 
chicks. Under extreme conditions a power 
failure of any duration would result in the 
loss of 100,000 chicks which would mean a 
loss to the farmers of $25,000 in a few hours. 

Considering the farm as a production unit, 
demanding a high standard of service will 
bring with it new methods of operation, as 
well as new tools and work equipment. The 
sale, of energy will give way to supplying 
service, followed by new methods of meter¬ 
ing and charging for the service performed 
y electricity. Furthermore, a closer rela- 
lonship between the development engineers 
° , e manufacturers and the distribution 
an 'ri?^ era ^ 0n en ^ neers will be necessary. 

hat rural electrification before 1935 was 
thought of only as rural line extensions must 
be obvious to all who have been connected 
lI T str y- Illinois prior to this 
t v . 1 f ural ^tension policies filed with the 
lUmois Commerce Commission contemplated 

eons^» 0f u e f ensions t0 serve individual 
consumers with feasibility in each case con- 

1937 tt?^ a n ly - In faCt .* was not “‘til 

the first application by a private 
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utility was filed with the Commission, cover¬ 
ing an entire area and providing service to 
hundreds of farmers with the feasibility of 
the entire project considered as a whole. As 
late as 1940 only one other such application 
had been filed with the commission by a 
private utility in that state. None will 
argue that electrical service was not brought 
into the rural area prior to 1935. On the 
other hand, everyone will agree that nothing 
more than an extension policy existed. It 
was an extension policy, not only from the 
view of feasibility but also as to engineering. 
The primary distribution system of the 
urban community was extended into the 
outlying rural areas. There was no real 
rural distribution engineering as such. 

As the author has pointed out, only the 
surface has been scratched in rural electri¬ 
fication engineering. Much new thinking 
needs to be done by the manufacturers of 
both utilization and distribution equipment. 
In this new thinking the distribution and 
operation engineers must lead. 


H. A. Enos (American Gas and Electric 
Service Corporation, New York, N. Y.): 
Mr. Samuels has presented a very interesting 
paper in which he has listed many possible 
and desirable developments of electrified 
equipment which may be of considerable 
value to farmers. None of these items, how¬ 
ever, is new or revolutionary, but Mr. 
Samuels does stress the fact that equipment 
developed for these purposes should be low 
in price, rugged, and simple in operation. 
He points out quite properly that only 
quantity production can bring about such 
devices. A few of the items mentioned by 
Mr. Samuels have been investigated in the 
past and found to be not technically nor 
economically feasible. That does not mean 
they should not be re-examined from time to 
time. 

Mr. Samuels devotes considerable space 
in his paper to the discussion of distribution 
engineering, both in general, and with re¬ 
spect to that phase of distribution engineer¬ 
ing concerned with rural distribution lines. 
But Mr. Samuels, unintentionally perhaps, 
has made quite a few statements with regard 
to various aspects of this subject which may 
be misleading to engineers and others who 
are not fully familiar with distribution engi¬ 
neering and its history. 

Mr. Samuels states that distribution engi¬ 
neering is a very young branch of engineer¬ 
ing. Naturally, it cannot be any older than 
electric distribution itself which began with 
Edison's first central station in New York 
City in 1882. Edison had to do some real 
pioneering in distribution engineering in 
order to put his first distribution system into 
operation. Very soon he made further steps 
m engineering his distribution system when 
he changed from two-wire to three-wire, 
and again when he instituted the low-voltage 
network From that time until the present, 
distribution engineering has been continu¬ 
ously in existence, bringing about the slow, 
it is true, hat nevertheless continuous im¬ 
provements in distribution which is proving 
itself today a vital factor in the successful 
prosecution of our war effort. 

Mr. Samuels quotes a paragraph from his 
article included in the 1937 report of the 
National Resources Committee, indicating 
an alleged almost total lack of distribution 
engineering previously. But I doubt if the 


record bears this out. It is quite true that 
most engineers solely concerned with genera¬ 
tion and transmission ignored distribution 
engineering. It is hardly true, however, 
that distribution engineering was ignored 
by distribution engineers, of whom there 
have been a great many throughout the his¬ 
tory of the central-station industry. In 
1909 H. B. Gear and P. F. Williams pub¬ 
lished a notable book on distribution sys¬ 
tems and distribution engineering which 
they state was prepared because of many 
requests from engineers engaged in distribu¬ 
tion work for information bearing on the de¬ 
tails of their work. This book was quite a 
thorough treatise on the subject of distri¬ 
bution engineering for the time when it was 
published. I myself started the practice of 
distribution engineering in 1915, following 
in the footsteps of such men as B. L. Huff 
and Paul Reyneau, and I know first hand 
that we were doing real distribution engi¬ 
neering at that time. I also know first hand 
that well-engineered large-scale rural dis¬ 
tribution systems were operating in Indiana 
in 1922. It is true that some small power 
companies dispensed with the services of 
distribution engineers, not because distri¬ 
bution engineering did not exist, but because 
the managers of those properties mistakenly 
felt that they could get along without the 
assistance of distribution engineers. The 
result of that situation was that, when those 
small companies were incorporated into 
large integrated systems, the distribution 
engineers had to clean up the mess, which 
they certainly knew how to do, and in so 
doing they produced the well-designed dis¬ 
tribution systems which are giving such a 
good account of themselves today. 

Mr. Samuels also states that distribution 
engineering really started with the introduc¬ 
tion of the a-c network. He does not give the 
date but implies that it was very recently. 
He may be referring to the introduction in 
1922 of the automatic-network protector 
which in itself is only an auxiliary device 
and is not essential to the operation of a net¬ 
work. As a matter of fact, a-c secondary 
networks have been in successful operation 
for at least 40 years in various forms, in¬ 
cluding some three-phase four-wire wye 
networks. 

Mr. Samuels relates at length the diffi¬ 
culties he and his engineers have been having 
in learning how to engineer rural lines but 
admits that they already have learned a lot 
they did not know before. The trial-and- 
error method had its advantages, but the 
distribution engineers of the country already 
by the time the REA came along had de¬ 
veloped rural distribution designs that were 
technically and economically highly ad¬ 
vanced and of which they might have taken 
advantage. Perhaps they did. 


A. B. Campbell (Edison Electric Institute, 
New York, N.Y.): A review of the litera¬ 
ture pertaining to the furnishing of electrical 
service to rural customers does not appear to 
bear out the author's statement that very 
few had spoken of rural electrification. This 
term appears frequently prior to 1930 in the 
literature pertaining to this subject. 

It is not clear what significance the quoted 
statement on the first page bears to the pur¬ 
pose and intent of this paper, but it is in 
error in so far as it concerns urban distri¬ 
bution generally throughout the country. 
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Since urban distribution involves considera¬ 
tion of a wide range of load densities, it may 
be said fairly that the basic engineering and 
economic features of all distribution to con¬ 
sumers were developed in the course of these 
studies. Some of the most important fea¬ 
tures in modern distribution systems were 
developed prior to 1930 and are still con¬ 
sidered good practice in the engineering of 
urban distribution systems. I refer par¬ 
ticularly to such features as higher primary 
voltages, common primary and secondary 
neutral, interconnection of lightning arrester 
and secondary neutral, rapid feeder reclo¬ 
sure, joint use of poles by supply and com¬ 
munication companies. 

Those interested in the attention that 
was given to distribution engineering prior 
to 1930 are referred to the references follow¬ 
ing this discussion. Furthermore a review 
of the reports of the overhead systems and 
underground systems committees of the 
former National Electric Light Association 
and other similar literature issued prior to 
1930 shows that much consideration was 
given to the engineering and economic as¬ 
pects of urban distribution systems, even 
long prior to that date. 

During the years 1921 to 1934, inclusive, 
construction expenditures for generation, 
transmission, and distribution in the electric 
light and power industry were approxi¬ 
mately : 

Generation.$2,655,342,000 

Transmission.$1,807,394,000 

Distribution.$3,139,812,000 

With construction expenditures for distri¬ 
bution during this period totaling more than 
either of the other two items, does it seem 
likely that engineering in distribution would 
have been neglected to the extent mentioned 
in the quoted paragraph of this paper? 

With regard to rural distribution, this too 
has been given thorough consideration in 
both the engineering and economic aspects 
for at least the past 18 to 20 years. These 
phases of rural electrification were studied 
by many engineers years ago, and one needs 
only to review the technical literature on this 
subject to realize the extent to which engi¬ 
neering thought had been given to the de¬ 
velopment of electrical service in rural areas. 
In the late '20’s, rural lines were being built 
with longer spans and vertical-type con¬ 
struction, particularly in the light-loading 
(climatic) territory. 

An interesting history of rural electrifica¬ 
tion is given in three articles by Roy den 
Stewart, published in the Edison Electric 
Institute Bulletin for September, October, 
and November of 1941. Also, "Some Prob¬ 
lems and Opportunities in Rural Electrifi¬ 
cation” by Grover C. Neff, in the April 
1939 issue of the Edison Electric Institute 
Bulletin, shows that the problems in rural 
electrification of major importance have 
been under consideration for many years. 

Joint studies on inductive co-ordination 
of supply and communication circuits began 
in the early ’20’s, and, while these studies 
and investigations involved primarily urban 
distribution systems and transmission lines, 
most of the underlying principles and prac¬ 
tices which apply today had been developed 
by 1926. The reports of the Joint General 
Committee of the NELA and Bell Telephone 
System of December 9, 1922, contains prin¬ 
ciples and practices for the co-ordination of 
electric supply and communication systems 


which still form the basis for studies on this 
subject. 

Concerning the economics involved in 
giving rural service, a review of the litera¬ 
ture of 12 to 15 years ago shows that in many 
areas of the country intensive studies were 
made and resulted in what probably forms 
the foundation of many present-day ideas 
on this subject. What is probably the great¬ 
est advantage to these early studies is that 
they resulted in the development of many 
sound ideas and good practices upon which 
to build. By the time the author became 
actively engaged in rural electrification, a 
good foundation existed on which develop¬ 
ment could go forward. 

I have no desire to minimize the progress 
that has been made in rural electrification 
during the past few years. Much progress 
has been made, but, under the conditions 
and circumstances that existed, much prog¬ 
ress should have been made. It might be 
pointed out that of the approximately 
2,000,000 farms now receiving electrical 
service, nearly one half were receiving serv¬ 
ice prior to 1935. 
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E. E. George (Ebasco Services, Inc., New 
York, N. Y.): This paper apparently at¬ 
tempts to portray the development and 
prospects of rural electrification but omits 
entirely any reference to the development 
work done by private utilities, particularly 
during the period from 1925 to 1935. 
Even a casual reference to the publications 
of the National Electric Light Association 
or of the Edison Electric Institute during 
this period will show that a large amount of 
development work was being carried out by 
utilities all over the country. For instance, 
the Alabama Power Company had a rural 
electrification engineer and a large staff 
engaged in this work many years before 
1930. 

In addition to the material omitted from 
this paper, there are quite a few state¬ 
ments in the paper which give an incorrect 
impression of what actually occurred. 

Many readers will not be misled, but 
AIEE papers represent the state of the art 
to students, young engineers, engineers in 
foreign countries, legislators, and others not 
familiar with the electrical industry and its 
history. 

The picture of inadequate distribution 
planning and construction as outlined by the 
quotation given on the first page of Mr. 
Samuels’ paper really applies more closely 
to the small isolated municipally owned 
system than to those built by private utili¬ 
ties. 

Even as early as 1927 there was much 
study given by relay engineers of the private 
utilities to oil circuit breakers for rural lines 
and to the development of more accurate 
fuses with better time characteristics. 

To evaluate the possibilities of constant 
current transmission with constant potential 
load as proposed by P. H. Thomas, one 


need only look at the costs of rectifying and 
regulating equipment. Even the most 
optimistic prophecy as to future reductions 
in the cost of such equipment would not per¬ 
mit its application competitively with 
present equipment, especially for rural loads. 

It is very difficult for an engineer familiar 
with general utility operation to see how 
rural distribution engineering has any rela¬ 
tion to the engineering of a-c networks, 

Mr. Samuels suggests that a small, cheap, 
and reliable motor-driven water pump 
should be developed. As long ago as 1915 
such a pump was being produced in quan¬ 
tity by a specialty manufacturer in Day- 
ton, Ohio. 

Mr. Samuels refers to the present practice 
of the REA co-operatives in promoting 
sales and purchasing merchandise for their 
customers. It will be recalled that the 
private utilities were very successful in 
merchandising until their efforts in many 
states were stopped by legislation on behalf 
of the small electrical dealers. Mr. Samuels 
likewise refers to the savings possible under 
the "group purchase plan,” a method long 
used by utility holding companies. 


W. R. Bullard (Ebasco Services, Inc., 
New York, N. Y.): In this paper Mr. 
Samuels has called attention to a number of 
current engineering problems concerned with 
distribution of electric service to the farmer 
and the full utilization by the farmer of such 
service. He has pointed out that the solving 
of these problems requires extensive and 
competent engineering attention. I heartily 
agree. 

Some of the problems mentioned in the 
paper are old problems modified by condi¬ 
tions specific to rural electric service. 
Others have claimed attention only within 
recent years. The term, rural electrification 
engineering, quite properly implies a specific 
branch of engineering which, however, as 
mentioned in the paper, is embraced in the 
more general distribution engineering. The 
underlying fundamentals of the latter are 
the same as those of the former and have 
been studied and utilized since the early be¬ 
ginnings of the electric-power industry but, 
of course, with increasing knowledge and 
technique as the industry developed. I can¬ 
not wholly agree with the statement in the 
paper that distribution engineering started 
with the introduction of the a-c network. 
True, that was an outstanding development 
and was largely coincident with a particular 
period of advances in the art. But the 
practice of distribution engineering is, at 
least, as old as Edison’s first sizable string of 
incandescent lamps and the accompanying 
problems of making them burn at satisfac¬ 
tory brilliancy. Also outstanding develop¬ 
ments were observable even in the very early 
days of electric distribution—including such 
as the introduction of the a-c transformer 
and the transition from d-c to a-c distri¬ 
bution, utilizing primary voltages in the 
latter; also the development of switching 
equipment of a great variety; the introduc¬ 
tion of circuit voltage regulators; and the 
development of insulated cables, both high- 
and low-voltage, for underground distribu¬ 
tion involving a very comprehensive tech¬ 
nique of design and application. While 
sympathizing with the point of view that 
distribution engineering has not always kept 
abreast of its growing importance, I believe 
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undue emphasis on this should not cause to 
be overlooked the very extensive develop¬ 
mental work of the past that forms the basis 
for present-day distribution engineering in¬ 
cluding that branch specific to rural service. 

The specific problems mentioned in the 
paper are timely and well stated. I will 
comment on only one item, that of ground¬ 
ing. Mr. Samuels calls attention quite 
properly to the importance of this feature. 
He also stresses the need for adequate testing 
to insure its quality. Basically I do not 
disagree as to the value of and need for 
testing. However, under some conditions, 
I believe periodical testing can be over¬ 
emphasized. Where the grounds are few 
in number, certainly their resistance should 
be checked as experience requires. But in 
the case of multigrounded neutrals with 
large numbers of ground connections, it 
frequently may be found difficult to justify 
periodical testing of individual grounds ex¬ 
cept at very infrequent intervals. This leads 
me to remark on a very interesting sidelight 
of design. Calculations of grounding im¬ 
pedance with various spacings of ground 
electrodes show that a neutral may be 
surprisingly well grounded, even though 
individual ground resistances are quite high, 
provided that they are reasonably closely 
spaced. For this reason a comparison of 
low-cost grounds closely spaced with a few 
high-cost grounds frequently may favor the 
former both as to cost and dependability: 
for instance, butt-wrapped grounds of scrap 
wire on every pole or every second pole 
or in whatever spacing may be considered 
necessary, as compared to driven rod grounds 
of sufficient number to give the same over¬ 
all ground impedance. Of course, the butt- 
wrapped grounds have to be installed when 
the poles are set. Also the soil at the bottom 
of the pole must have at least a modicum 
of conductivity. 


M. Kenneth Brody (McCall Corporation, 
New York, N. Y.): The following are com¬ 
ments on the paper presented by M. M. 
Samuels at the technical meeting in New 
York on January 29. 

In Mr. Samuels’ paper I noted the state¬ 
ment that 25,000 acres in the state of Oregon 
which were irrigated showed a gross in¬ 
crease of $40 per acre over nonirrigated 
acres. This is, of course, a tremendous in¬ 
crease in revenue for the farmer, but I 
wondered what the initial cost of irrigation 
per acre was and what the annual upkeep 
per acre cost the farmer. And I also 
wondered where a man in Oregon with a 
large farm could get the money initially to 
irrigate his lands. 

Throughout the entire paper no mention 
was made of how much man power could be 
saved through the use of electrification, and 
I wondered if there were any figures avail¬ 
able on this. I also wondered whether 
critical materials are now available for the 
production of electrified farm machinery 
and whether some method of group financing 
had been arranged to take care of getting 
these much-needed electrical aids to the 
farmer. 

Mr. Samuels said that, even in dairy 
farms where electricity can be used for 
many many purposes, it was shown that 
ten per cent of the connected load is used 
for farm operations, and the other 90 per 
cent is used for lighting, household ap¬ 


pliances, and so forth. If this is true, I 
wonder why the acceptance of electrical 
farm machinery for dairy farming was so 
low. This equipment has been on the 
market for many years, and, if the accept¬ 
ance is as low as stated by Mr. Samuels, it 
would be interesting to know the reason for 
this low acceptance. Is it one of the fol¬ 
lowing? 

1. Is the initial cost of machinery too high? 

2. Is the operation of machinery too complex? 

3. Are these farms adequately wired for use of this 
machinery, or is it necessary for the dairy farmer to 
spend a rather large sum for adequate wiring to 
accommodate the machinery? 

Mr. Samuels mentioned that one manu¬ 
facturer has developed a self-contained 
quick freezer and cold-storage unit having a 
capacity of 20 cubic feet, and I notice that 
this could be produced in quantity to cost 
less than $300 per unit. It would be inter¬ 
esting, in connection with this, to know the 
following: 

1. The lowest plate temperature obtainable for 
freezing. 

2. The average temperature of the storage com¬ 
partment. 

3. The flexibility of the storage and freezing com¬ 
partment and the mechanical arrangements for 
getting foods in and out of this locker. 

4. The operation cost of this unit. 

Various agricultural experiment stations 
have already proved that temperatures as 
low as -30 degrees Fahrenheit are desirable 
for freezing fruits, vegetables, and meats, 
and temperatures as low as -10 degrees 
Fahrenheit are necessary adequately to 
preserve these products. Poultry, for ex¬ 
ample, tends toward rancidity at the end of 
only 30 days storage when stored at tem¬ 
peratures higher than -10 degrees Fahren¬ 
heit. 

Mr. Samuels said that a flour mill weigh¬ 
ing only 25 pounds and able to grind 20 to 
40 pounds of flour per hour could be made a 
quantity product for $25 per mill. Since the 
average farmer for his personal use will use 
approximately 400 pounds of flour a year, if 
he bakes, will he invest $25 for a piece of 
equipment that he will use for only about 
ten hours a year? Of course, it is a different 
story if the farmer plans to sell whole-wheat 
flour and cereals already ground. 

Regarding Mr. Samuels’ comments on de¬ 
hydration, I feel that a great deal in research 
has to be done in the field of vitamin reten¬ 
tion in dehydrated foods before home de¬ 
hydrators become accepted. The unstable 
vitamins such as A and C are very elusive, 
and prolonged exposure to heat and air may 
result in the loss of practically all these vita¬ 
mins. I heartily agree that home dehydra¬ 
tion would eliminate the waste of some prod¬ 
ucts, but, unless the farmer can find some 
commercial use for these home dehydrated 
products, I can see no particular point in 
his dehydrating more than he and his 
neighbors can use. 

I believe that the War Production Board 
recently ruled that some critical materials 
will be made available for the production of 
home dehydrators. 

In reference to storage-battery-driven 
electric tractors, I can see no particular ad¬ 
vantage in this type of equipment, and I am 
of the opinion that Diesel operation in the 
long run would be more economical. In 
line with storage-battery-driven tractors, 


however, it is quite possible and feasible 
that wind generators could be used to charge 
the batteries. 

The development of a small pasteuriser 
for farm use seems to be an excellent idea, 
and I believe that it has been found recently 
that subjecting the milk to a temperature of 
161 degrees Fahrenheit for about 15 seconds 
is equally as efficient as the older system 
of subjecting it to 143 degrees Fahrenheit 
for 30 minutes. Along this same line, I 
think the farmer could certainly use a bottle 
sterilizer that is cheap and efficient. 

In its entirety, I think Mr. Samuels’ paper 
was an excellent one and will start a lot of 
thinking along the lines he mentioned. I 
certainly think that it is part of the duty of 
every electrical engineer who is in a position 
to do so to make life easier for the American 
farmer. The farmer is one of the few people 
in America today who works a minimum of 
12 hours a day, seven days a week. I think: 
it is decidedly the electrical engineer's 
job to devise equipment for the farmer that: 
he can buy and operate at a low cost and 
that will provide more leisure for him than 
he has ever had before. It is only very very* 
recently that we electrical engineers began 
to appreciate the farmer's plight—and it: 
took a war to bring on that appreciation. 


M. M. Samuels: I am glad to see that the 
paper brought out such a lively discussion. 

Mr. George's reference to rectifiers in con¬ 
nection with P. H. Thomas’ proposed con¬ 
stant-current system is incorrect. P. H. 
Thomas did not propose d-c distribution. 
He. proposed constant-current a-c distri¬ 
bution requiring neither rectifiers nor in¬ 
verters nor regulators. 

Mr. George’s statement that there is a 
small, cheap, and reliable motor-driven 
pump manufactured in quantity in Dayton, 
Ohio, is indeed very interesting, and X 
would like to know more about it, if it is 
the kind of pump I had in mind, one to cost 
not much over ten dollars complete. 

The answer to D. H. Henry’s comments 
relating to the Illinois Commission will be 
found in the discussion by H. Treadway. 

The most constructive contribution in the 
whole discussion is that by W. R. Bullard, 
relating to the important problem of 
grounding. I hope that everyone will 
appreciate Mr. Bullard’s competent state¬ 
ments as I do. It would be helpful if Mr. 
Bullard would find an opportunity to elabo¬ 
rate some more on the subject, possibly in a 
special paper. I agree with Mr. Bullard 
that engineering analyses should be exhausted 
before elaborate tests are undertaken. 

In this connection I am particularly dis¬ 
appointed in the discussion presented by 
H. A. Enos. Mr. Enos’ discussion is not 
engineering; it is just polemics. 

Mr. Campbell presents figures to show 
that in the years 1921 to 1934 more money 
was spent on construction of distribution 
than on construction of either generation or 
transmission, but he fails to report the cor¬ 
responding amounts spent on engineering 1 
for each of the three branches. 

Many of the questions relating to food, 
particularly those by M. K. Brody, are 
pertinent. It will not be possible within the 
scope of the paper to give competent answers 
to all of them. The authors of the questions 
not fully answered here are referred to 
authorities in the field of nutrition and home 
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economics. Here I will have to limit myself 
to the three developments referred to in the 
paper. I am indebted to Eugene C. Meyer 
for the following statement referring to 
these three items. 

1. Freezer and Storage Chest 

The particular freezer and storage chest 
referred to has a plate temperature of ap¬ 
proximately — 10 to —15 degrees Fahren¬ 
heit during freezing and depends upon air 
movement by means of a small fan to secure 
a sufficiently fast freeze. 

The average temperature of the storage 
compartment is 0 degrees Fahrenheit. 

No special mechanical arrangements are 
now provided for getting foods into and out 
of the storage. Accessibility of foods of 
various kinds must be arranged for during 
loading. No doubt, there will be improve¬ 
ments developed to facilitate storage and 
removal of products. 

Cost of operation for this unit, to com¬ 
pensate for heat leakage with an 80-degree 
differential will be approximately 110 kilo¬ 
watt-hours per month. This will vary 
through the year, depending upon tempera¬ 
ture conditions. Cost of freezing the food, 
stored in a chest of this size, would require 
approximately 240 kilowatt-hours annually. 

Temperatures as low as —30 degrees 
Fahrenheit are not necessary in freezing 
products for home consumption, particu¬ 
larly when a fan is used. The small improve¬ 
ments in quality, which such a low tempera¬ 
ture may effect, are not worth the extra 
cost. In the case of fruits and vegetables in 
particular, D. K. Tressler of New York 
State Agricultural Experiment Station states 
that other factors as variety, maturity, 
handling time, and conditions from harvest 
to the point at which sufficiently low tempera¬ 
ture to stop enzymatic and bacterial action 
is attained are of most importance. 

A storage temperature of 0 degrees Fahren¬ 
heit is adequate for storing farm products. 
Tressler, DuBois, and Fenton state in their 
paper, entitled "The Effect of the Rate of 
Freezing and Temperature of Storage on the 
Quality of Frozen Poultry,” Refrigeration 
Engineering , August 1942, "At 0 degrees 
Fahrenheit, chicken fat shows signs of 
rancidity in ten months.” Pork, another 
product difficult to store, was found to be of 
excellent quality after a year’s storage in 
the REA-sponsored chest under test at the 
Beltsville Research Center by the Bureau 
of Home Economics, United States Depart¬ 
ment of Agriculture. 

2. Dehydrator 

Maximum retention of vitamins with any 
method of food preservation, whether it be 
canning, freezing, or dehydration, necessi¬ 
tates following certain procedures. Con¬ 
siderable work in establishing such pro¬ 
cedures has been done, and much is now in 
progress to insure a good product. This 
method of preservation should naturally be 
limited to those foods best-suited, except 
during emergency. 

Vitamin losses, regardless of the method of 
preservation, occur to a large extent during 
harvesting and preliminary treatment and 
also during the storage period. It is true 
that vitamins A and C may be destroyed 
easily during dehydration, but according to 
Cruess and Mrak (University of California), 
A is fairly well retained under controlled 


drying conditions and C loss can be mini¬ 
mized by blanching. 

3. Flour Mill 

The principal advantage afforded by the 
use of a home flour mill is through the pro¬ 
duction of a whole-wheat flour which con¬ 
tains the bran and germ of the wheat kernel, 
where most of the minerals and vitamins are 
stored. Quoting from the Department of 
Agriculture REA Bulletin , "Home and Com¬ 
munity Milling”: "In home-ground whole¬ 
wheat flour, the amount of vitamin Ri 
(thiamin chloride) is approximately six 
times as great as in ordinary white flour; 
the amount of iron, five times; phosphorus, 
more than four times; calcium, more than 
twice; magnesia, eight times. The superior¬ 
ity of whole-wheat flour is even greater with 
respect to vitamin B 2 (riboflavin) and vita¬ 
min E. In addition to whole-wheat flour, 
whole-wheat cereals, corn meal, and grits 
are other nutritious and palatable products 
that can be milled at home.” 

Relative to costs, the following analysis 
may be made: John R. Murlin, professor 
of physiology, Rochester University, esti¬ 
mates the annual per capita consumption of 
wheat in the United States at 240 pounds. 
At this rate, the average family of 4 x /o 
persons consumes about 1,080 pounds per 
year or 18 bushels. With wheat selling at 
one dollar per bushel, and considering that, 
on the average, a bushel of wheat (60 
pounds) will buy only 20 pounds of white 
flour at the retail store, there would be an 
annual saving to the family of $36. 

Mr. Brody also raises the question of man¬ 
power saving by electrification. Very 
little authentic data have been available up 
to now. I am presenting the first definite 
figures received from 41 farms in Ohio and 
Indiana. 

Though few in number, these 41 farms col¬ 
lectively show an increase of 27 per cent 
in farm acres, 50 per cent in irrigated land, 
176 per cent in acres of seed corn, 46 per 
cent in number of milk cows, 21 per cent in 
beef cattle, 35 per cent in market hogs; 
250 western ewes were added, farm grown 
lambs show no total change, and 750 feeder 
lambs were discontinued. There was also 
an increase of 710 per cent in meat process¬ 
ing, 55 per cent in laying hens, 57 per cent 
in chicks brooded, 130 per cent in chicks 
hatched, 109 per cent in turkeys raised, 500 
per cent in apples marketed, and 95 per cent 
in vegetables marketed. Included in the 
foregoing are 19 new enterprises. There was 
a total decrease of 6.3 per cent in labor, men 
(equivalent). 

The current farm labor (men equivalent) 
reported, shows the labor to be approxi¬ 
mately 40 per cent less than would be needed 
according to the approved War Manpower 
Commission schedule requirements for clas¬ 
sification of a farm worker as essential. 

The average monthly consumption of 
these 41 farms in 1942 was 466 kilowatt- 
hours per farm. 

In closure I hope that this paper has 

1. Demonstrated to the electrical engineer the 
need for more electrical activity in the field of rural 
electrification engineering and electroagricultural 
engineering and the opportunity in this specific 
field for creative engineering activity. 

2. Demonstrated to the electrical manufacturer 
that a new market is now open waiting for a new 
industry to supply it. This industry can only be 
created by the electrical manufacturers. 


Estimating Electric Loads for 
Military-Training Bases, 
Federal Housing, and 
Other Wartime Projects 

Discussion and author’s closure of paper 43-60 
by Harold M. Potts, presented at the AIEE 
national technical meeting, New York, N.V\, 
January 25-29, 1943, and published in 
AIEE TRANSACTIONS, 1943, May sec¬ 
tion, pages 246-54. 

R. F. Hamilton (War Production Board, 
Washington, D. C.): In looking over Mr. 
Potts’ paper before this meeting, there was 
some confusion in my mind in that there 
seemed to be such wide divergence between 
many of the figures given and those to 
which your speaker has had access in several 
government departments, responsible for 
these wartime loads. Mr. Potts’ present 
explanation to the effect that his figures 
cover installations as proposed, but not 
actually built, has clarified this question. 

I would like to make clear at once that 
in speaking here, I speak for myself and 
slate my own views only as an engineer, 
and do not represent any organization or 
government group. 

The responsibility for providing necessary 
and adequate electric facilities in military 
establishments is that of the Corps of Engi¬ 
neers for those of the War Department and 
that of the Bureau of Yards and Docks for 
those of the Navy Department. In both 
organizations there are competent engi¬ 
neers who have given much thought to the 
type of problems here discussed. Reports 
and performance records are obtained from 
each field location every month, and many 
tests have been made to obtain design in¬ 
formation. I am not familiar with the 
procedure of the organizations which handle 
Federal housing projects, and so I shall not 
discuss these. 

It was your speaker’s privilege at the last 
winter convention, to offer a paper entitled 
"Synthetic or Equivalent Load Curves” 1 
and, in the discussion, to present some typi¬ 
cal curves covering maximum demands and 
load factors at temporary camps based upon 
results obtained at 65 locations. It was 
then pointed out that curves of demand or 
load factor versus connected load gave more 
consistent results than those of demand or 
load factor versus number of officers and 
men, but the latter were found to be more 
useful in the military organizations because 


Table I 


Kilowatts 


General lighting. 6,500 

Street lighting. 00 

Protective lighting. 400 

Power. 0,000 

1 lectric cooking.10,000 

Electric heating. 40 

Miscellaneous. 1,000 


Total connected load.24,000 


Consumption—3,171,300 kilowatt-hours for the 
month of December. 

Maximum demand during the month—6,020 lew. 
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of the practice of considering many items in 
terms of the number of men involved. 

Of interest in comparison with the figures 
in Mr. Potts’ paper was an expected demand 
of 60 watts per man for a 35,000-man camp 
which had no electric cooking. For camps 
in the north, the demand would be higher 
usually than those in the south because of 
the motor applications on heating systems in 
the north. Also, the amount of power re¬ 
quired for pumping water and for sewage 
disposal varies greatly, depending on local 
conditions. In the mountains of the 
Northwest, the power load is above the 
average because of the pumping involved. 

Corps of Engineers has not author¬ 
ized electric cooking in temporary camps 
except for diet kitchens and hospitals. 
Experience with electric fat friers in some of 
the earlier camps, coupled with the increased 
need for saving power and critical materials, 
led to the discontinuance of these too. 

Mr. Potts has specified a connected cook¬ 
ing load of 12,885 kw for an Army training 
base of 35,000 men. He has also shown 
slides of loads at a permanent fort in the 


consumption of fuel or water. Fuel, es¬ 
pecially oil, is rapidly becoming more critical 
for reasons well-known to all of you. 

Reference 

1. Synthetic or Equivalent Load Curves, 
R. F. Hamilton. AIEE Transactions, volume 
61, 1942, pages 369-81. 


Howard P. Seelye (The Detroit Edison 
Company, Detroit, Mich.): Mr. Potts’ 
paper is a very interesting presentation of the 
analysis of load data obtained from actual 
tests on a composite load and of the predic¬ 
tion of loads for other similar situations by 
use of such basic data applied to their special 
conditions. Any new type of load must 
usually go through a trial-and-error period 
until sufficient experience has been gained 
with it to serve as a basis for more accurate 
estimates. The Army cantonment is a new 
type of load, since similar conditions are not 
found in ordinary civilian life, and no doubt 
Mr. Potts data will prove very valuable 
in future projects. 


Table II 


Officers and Men 
(December 31, 
1942) 


Connected Load Kilowatts 




All 

Lighting 

Heating 
and Cooking 

Power 
and Mis¬ 
cellaneous 

Total 

Maximum 

1942 

Demand 

Demand 
in Watts 
Per Man 

1. 36,830. 

2. 65,550. 

3. 29,470. 

4. 35,690. . . . 

5. 32,676. 

6. 22,667. 

7. 22,487. 

8. 41,005. 

9. 46,323. 

10. 31,516. 

11. 48,469. 

12. 24,171. 

13. 82 036 

.. 8,670. . 

. .14,175. . 

.. 6,890. . 

. . 3,052. . , 

. 1,280_ 

. . . 4,520_ 

. . 10,615_ 

..10,290_ 

. . 1,385. . . . 

.. .14,170. . . 
. .30,985. . . 
. .18,460. . . 

. . 7,418. . . 

. .. .1,770. . . 
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Northwest from which many of his basic 
data, are taken. . This fort has the largest 
cooking load of its kind in the country— 
10,000 kw connected—but there are 58,500 
officers and men stationed there. The 
connected load for this fort as of December 
31, 1942 is shown in Table I of this dis¬ 
cussion. 

The demand factor was 0.29 and the load 
factor 0.62. Demand in watts per man is 
118. 

Mr. Potts’ figure of 7,726 kw demand for 
a 35,000-man training base is equivalent 
to 220 watts per man. 

In Table II of this discussion are given 
December 1942 figures for 21 military es¬ 
tablishments where electricity is used 
extensively for cooking or heating. The 
demand in watts per man varies from 48 to 
182 with an average of 101 watts per man for 
the 21 locations. These cooking loads fre¬ 
quently occur at the time of maximum de¬ 
mand. Whether they occur off peak or on 
peak, they represent kilowatt-hours which 
are now needed in the Northwest for alu¬ 
minum production. They also represent 


It may be interesting to make a few 
comparisons between the load conditions 
which Mr. Potts has found in Army bar¬ 
racks and those found on our civilian sys¬ 
tems. Figure 1 of this discussion shows a 
characteristic daily curve for lighting load. 
4 was taken from the total load of seven 
distribution circuits in Detroit in early 
December 1941, serving areas which were 
94 per cent residential. B is Mr. Potts’ 
characteristic curve for barracks lighting 
and kitchen power from the lest of No¬ 
vember 1941, as shown in his article in 
Electric Light and Power for December 1942, 
to which he refers in his paper. Both arc 
on the basis of percentage of peak load for 
direct comparison of shape. It is evident 
that these are quite similar in the latter half 
of the day, except that the soldiers appar¬ 
ently go to bed rather suddenly at 9:00 p.m. 
The morning half has an interesting peak 
at 6:00 o’clock when reveille gets the soldiers 
out of bed, whereas civilians do their rising 
much more gradually. 

Figure 2 shows a similar comparison for 
cooking load, A is a characteristic average 



A - Civilian residential load (seven cir¬ 

cuits in Detroit) 

B.barracks lighting and kitchen 

power (Potts) 


curve for residential electric ranges in a 
metropolitan area. B is Mr. Potts’ curve 
for Army barracks’ cooking. There is no 
similarity here. The peaks on the civilian 
load coincide with the valleys in the Army 
curve. The civilian program has no such 
ambitious schedule as the Army’s 4:00 a.m. 
heavy cooking period, but rather has the big 
meal at 6:00 o’clock at night when the Army 
cooks have pretty well quit for the day. 

The difference in characteristics is of 
great importance when the cooking load is 
combined with the lighting load of Figure 1, 
Mr. Potts’ combined load curve shows a 
most opportune co-operation between these 
two loads, one having its valleys at the time 
the other has peaks and vice versa, to pro¬ 
duce a high load factor and three almost 
equal peaks at 4-6 a.m., 9 a.m,, and 3 p.m. 
Civilian load is not nearly so accommodat¬ 
ing. The A lighting curve on Figure 1 has 
a high peak at exactly the same time as the 
A cooking curve on Figure 2. Some of this 
peak is, no doubt, due to the fact that this 
load includes a seven per cent range satura¬ 
tion among these customers and some com¬ 
mercial load, but that would account for 
no more than 10 or 15 per cent of the 6:00 
o’clock load. The remaining load, although 
having its actual peak an hour or so later, 
is still high at 6:00 o’clock. It is evident 
that the combination of cooking and light¬ 
ing load in civilian residences is much less 



AM PM 

Figure 2. Comparison of daily load curves— 
cooking 

^ Civilian—metropolitan residential 
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Figure 3. Characteristic daily load curves— 
cooking 

Ai - Civilian—small-town residential 

customers 

A2 - - - - Civilian—farm customers 

productive of efficient use of distribution 
facilities than Mr. Potts found in the Army. 

Figure 3 shows some similar curves for 
cooking load in small-town residences, Ai, 
and on farms, A%. These also have a 6:00 
o’clock peak, although the farm load has a 
higher one at noon—they still eat “dinner” 
at noon in the country. 

A few similar comparisons of the demand 
and energy consumption per man may be of 
interest. Mr. Potts shows an average de¬ 
mand for lighting and kitchen power of 
0.062 kw per man from his test. His esti¬ 
mates for the other projects are similar, 
although varying somewhat. The seven 
Detroit circuits had 16,000 customers and 
a population of about 51,300, or 3.4 per 
residential customer. The total peak de¬ 
mand was 10,152 kw. If this is discounted 
for commercial and range load, the figure 
comparable to Mr. Potts’ 0.062 per man is 
about 0.15 kw per person, or a little over 
twice as much. This proportion is also 
roughly borne out by some figures on other 
areas and other cities. The ratio is not 
surprising, in view of the greater population 
density in the cantonment. 

For energy consumption, however, Mr. 
Potts’ figures show an average of 287 
kilowatt-hours per man per year from his 
test data and from 240 to 365 for some of the 
other projects. I r or the seven residential 
areas which have been used for illustration, 
the annual energy consumption per person, 
exclusive of cooking, was about 400 kilo¬ 
watt-hours. The average consumption for 
residential customers on the whole Detroit 
Edison company system is approximately 
1,000 kilowatt-hours per year, with an 
average of 4.4 persons per customer. This 
would indicate an average consumption of 
225, Of course, consumption varies a good 
deal among different classes of residences. 
In general, we might judge from these 
figures, however, that people use something 
Like the same amount of electricity, whether 
they are in the Army or at home, only they 
distribute the use a little differently through¬ 
out the day. 

For cooking load, some Detroit tests 
showed a consumption ranging from 276 
kilowatt-hours per year per person in 
families of three persons to 200 kilowatt- 
hours per year per person for families of 
five persons. Mr. Potts gives 207 kilowatt- 
hours per man for Army cooking in the tests, 
with somewhat more when applied to the 


larger projects. It is not surprising that 
the energy to cook a meal is about the same 
wherever you are. The kilowatt demand 
per person was again different, however, 
as it was for lighting. The civilian tests 
showed a range from 0.120 kw per person 
in small towns and 0.157 on farms, to 0.210 
for metropolitan customers. Mr. Potts’ 
test figure for soldiers is 0.063 kw per man, 
and his estimates for the 35,000-man proj¬ 
ect is 0.09. These are of the order of one- 
half the civilian demands. 

These comparisons are not offered as 
being of particular significance or value in 
the estimating of cantonment loads. They 
do indicate the similarity of all such prob¬ 
lems of load estimating and show how the 
habits of communities and other local 
conditions cause considerable variation in 
the actual figures and in the shape of the 
load curves in different situations. Prelimi¬ 
nary estimates are, at best, only indicative 
of what may be expected. Subsequent load 
tests of actual operating loads on distribu¬ 
tion transformers or services will show how 
accurate the estimates have been and how 
efficiently the system is being loaded. 

Distribution System 

The problem of providing service to a 
load such as the cantonments with which 
Mr. Potts is working is very similar to that 
of serving a small city of similar size. A 
cantonment with 35,000 men is equivalent 
in population to a fairly good-sized city. 
For example, the city of Port Huron, Mich., 
has about that population. The density of 
population is, of course, much greater in a 
cantonment than it is in a city; hence the 
area would be smaller and the peak load 
also less, because of the smaller unit demand 
per inhabitant. Port Huron, for example, 
covers some 7.5 square miles and has a total 
distribution circuit load of about 9,000 kw 
(which includes commercial and some small 
power). This doesn’t include industrial 
power. The cantonment of 35,000 had a 
total estimated load of about 6,400 for the 
average day, and 7,700 for the maximum. 
Another city in our territory, Mount Clem¬ 
ens, has a population of 15,000, an area 
of 3.5 square miles, and a distribution cir¬ 
cuit load of 4,500. 

In supplying either the cantonment or the 
city there arises such questions as the most 
advantageous bulk supply by transmission 
lines; the proper number, size, and location 
of substations; the character of substation 
construction; provision of reserve supply in 
case of outages and voltage regulation. 
The best solutions to these questions are all 
governed to a large extent by local condi¬ 
tions, the type of supply available, prevail¬ 
ing practices on the supplying system, the 
geography of location, particular require¬ 
ments of the load, and so forth. The 
cantonment differs from the city in being 
constructed under emergency conditions 
and being of a more or less temporary 
nature. These considerations would, no 
doubt, affect the quality of service thought 
necessary and the type of construction and 
materials used. 

The problem of distribution from sub¬ 
station to loads is also similar. The same 
questions must be met; distribution volt¬ 
age; number of circuits and the load on 
each, which has a bearing on whether cir¬ 
cuit breakers are necessary or fuses will be 
sufficient; the type and arrangement of 


circuits, whether radial, loop, or network; 
distribution-transformer size and location; 
size and arrangement of secondary circuits; 
details and materials of line construction, 
and so forth. The cantonment problem 
differs from the civilian city in that the 
whole job is new and the individual loads 
are more concentrated, more definitely 
located, of less variety, and, in general, not 
so subject to uncertain and gradual future 
growth as they are in the ordinary city. 
This should simplify the problem consider¬ 
ably, once the characteristics of the load are 
known, and should allow the application of 
the best modern ideas for effecting efficiency 
and economy, such as, for example, use of 
the higher distribution voltages, high- 
strength wire and long spans, Edison 
Electric Institute and National Electrical 
Manufacturers Association standard dis¬ 
tribution transformers, loaded to full capac¬ 
ity as determined by the characteristics of 
the load and the thermal capability of the 
transformer. In the civilian city, the dis¬ 
tribution engineer is nearly always ham¬ 
pered to some extent by being obliged to 
work with an established system having all 
varieties of old construction and practices 
which cannot be changed immediately to 
conform with improved ideas. An entirely 
new job avoids at least some of these re¬ 
strictions. 

As was mentioned in connection with the 
bulk supply, the answers to these questions 
on distribution are necessarily affected 
strongly by local conditions, and also by 
the emergency and temporary nature of the 
project. These latter would indicate the 
desirability of using as simple and eco¬ 
nomical designs as are adequate, emphasiz¬ 
ing economy and avoidance of critical 
materials rather than permanency and high 
reliability. Mr. Potts has indicated some¬ 
thing of the varied nature of the loads at 
different cantonments. No doubt the 
method of supplying them must be equally 
varied in detail and perhaps in general 
character. It would be most interesting to 
have someone who has been intimately 
connected with the layout and construction 
of these projects tell how the problems have 
been studied and something of the details of 
their design. 


Wade M. Edmunds (Office of War Utili¬ 
ties, Washington, D. C.): In general, esti¬ 
mating electric loads is fundamental to de¬ 
termine loads accurately so that no materi¬ 
als will be wasted in serving that load. 

It has been traditional to estimate load 
and then provide generator, transformer, 
and conductor capacity to serve that load 
plus 50 or 100 per cent. In normal times, 
that procedure has proved itself to be good 
practice and has avoided the increasing of 
capacity. In many cases, load has out¬ 
stripped capacity with resultant low-voltage 
troubles, calling for replacement of conduc¬ 
tor, installation of regulators, and replace¬ 
ment of transformers for larger ones. 

But we are not now in normal times—we 
are in a war up to our necks. Too few utility 
engineers realize that, as evidenced by de¬ 
signs of which I see a hundred or so a week 
in project applications in the War Produc¬ 
tion Board. Engineers still plan an exten¬ 
sion to serve a war load with the future 
normal growth of the area in mind. 
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Unless the results of accurate load esti¬ 
mates are applied to design, then we are 
not doing a wartime job—if an extension 
is designed for more than the present known 
load, materials are wasted which means that 
copper, steel, and iron are withheld from 
shells, guns, planes, and ships. We are 
fast coming to an accounting on that, and 
we must not wait until the supply of ma¬ 
terials for civilian use is exhausted, to fit 
design closely to loads. The work done at 
this conference on estimating loads will not 
have its full effect in the prosecution of the 
war if its relationship to the use of materials 
is lost sight of. 

4 As an example of what I want to empha¬ 
size, I would like to mention a specific case. 
A project application came in to serve an 
important war load of 3,500 kw. The load 
had been accurately determined and there 
was no question on that. To serve it the 
company proposed to install a transformer 
bank of 9,000-kva capacity, build a line from 
that substation to a switching station in a 
direction opposite to that of the new load, 
connect to an existing line, and extend a new 
line from the end of that one to the new load. 
The layout was difficult for us to understand 
until the applicant sent his engineers - to 
discuss it with us. We found that the 
routing of the lines was chosen, because the 
company wanted to serve other parts of the 
system which would need strengthening 
after the war. It is too soon to do postwar 
planning. We must win this war first to 
determine whether this country will do its 
own planning—or some one else will. 

Conservation Possibilities 

Possibilities of saving materials are un¬ 
limited if engineers are allowed to exercise 
their ingenuities, but in the past 20 years 
it appears that many have become slaves 
to standard specifications prepared for them. 

In reviewing a great many project applica¬ 
tions every day, I stop occasionally to won¬ 
der if I should write a book for which so far, 

I have only the title, "Sad Commentaries 
on the Modern Engineer.” 

I doubt if it is the fault of the individual 
engineer, but his training, from the time he 
leaves school, in large companies particu¬ 
larly is very specialized and channeled. 
Unless he is an unusual man, he will follow 
along and do what he is told, not giving 
much. thought to alternate ways of ac¬ 
complishing the same result. 

I have noticed that engineers who have 
worked for smaller utilities where economy 
of investment is essential and engineers who 


have worked for utilities in foreign countries 
where materials and equipment at hand 
have to be used are the most versatile and 
ingenious. In the two instances mentioned, 
deviations from standards of construction 
are made with little or no loss to the finished 
job. 

Take for example a very modern in¬ 
stallation in a large generating plant of a 
bank of metal-clad oil circuit breakers and 
metal-clad busses—all in duplicate of each 
piece of equipment. A new circuit was to be 
added, and the applicant insisted very 
vehemently that the same metal-clad dual 
equipment be installed to match up with 
the previous installation. Many arguments 
were presented by long-distance telephone 
and telegraph, and all of them had little to 
do with adequate service or recognition of 
wartime scarcity of material. Profit had 
not been supplanted by patriotism. We 
came to an agreement, however—an exist¬ 
ing set of oil circuit breakers was divided 
so that the new circuit was connected to 
one of them. 

Valves for Steam Plant . The applicant 
insisted on use of nonflanged valves. We 
found flanged valves in excess stock, and 
only after much argument would the appli¬ 
cant accept these, although the valves were 
suitable in all other respects, 

I have commented on one or two ex¬ 
amples of what could have been done, but 
was not, until we pointed out other ways. 
That does not mean that many engineers are 
not doing splendid work in substituting ma¬ 
terials and methods not ordinarily used, such 
as direct-pole mounting of transformers, re¬ 
habilitation of oil-circuit-breaker contacts, 
type-A meters in lieu of socket-type, sal¬ 
vaged crossarms, and so forth. A lot of 
them have done a splendid job in saving 
new and critical materials. 


Harold M. Potts: In times such as these 
it is one of our duties as engineers to make 
the most economical use of the materials 
we have. Overbuilding in peacetime may 
not be serious, since it can often be justified 
as building for future growth. With the 
shortage of many materials, it now becomes 
most wasteful to provide, for instance, a 
1,000-kva substation to serve a military base 
where one of 500 kva would be ample. It 
is hoped the information and method of 
analysis that was presented in the paper will 
prove of value to engineers in estimating ac¬ 
curately the loads for military bases, so 
that more economical building may result. 

In estimating military-base loads, demand 


factors have been found to give the most 
reliable results, the reason being that the 
factors are based on the actual equipment 
used. Derived figures of kilowatts per man 
are quite erratic when used indiscriminately 
among various types of military bases. 
This is very apparent in Table II which Mr. 
Hamilton has presented. 

In general, it may be noted from this 
table that, when the connected load per man 
is low, higher demand factors result and vice 
versa. This is due to less diversity of use 
when the connected load per man is low and 
greater diversity of use when the connected 
load per man is high. 

The table reveals wide divergence in the 
connected loads per man for the various 
classes of use. The connected lighting loads 
vary between 40 and 240 watts per man, 
the heating and cooking loads from 20 to 
140 watts per man, and the connected 
power loads from 30 to 350 watts per man. 

Inspection of the connected lighting loads, 
items 1, 2, 3, 5, and 19 in this table, reveals 
the possibility of more not fully utilized 
equipment than necessary at the military 
bases. The bases noted as items 4, 8, 9, 10, 
11, 14, 16, 20, and 21 have the lowest con¬ 
nected fighting load per man and are an 
indication that an economical amount of 
fighting equipment is provided at these 
particular bases. These bases are all 
fairly large ones, and all of them have only 
minor amounts of electric cooking equip¬ 
ment. The demand factors for these bases 
are in general 30 to 40 per cent, which coin¬ 
cides generally with estimated demand 
factors for the bases presented in the AIEE 
paper. 

Mr. Hamilton comments that a demand 
factor of 29 per cent, for the Northwest fort 
at which test data referred to in the paper 
were taken, seems to bear out the annual 
demand factor estimated in the paper for the 
35,000-man Army base, after consideration 
is given to the relative amounts of electric 
cooking equipment. The 35,000-man Army 
base had a planned connected cooking load 
of about one-third kilowatt per man, 
whereas the 58,500-man fort, at which the 
test data were made, has a connected cook¬ 
ing load of only 10,000 kw, or approximately 
one-sixth kilowatt per man. In this fort 
only part of the masses have electricity for 
cooking; the majority of them use either 
gas or coal for fuel. 

The comments of Mr. Hamilton, Mr. 
Seelye, and Mr. Edmunds were both wel¬ 
come and constructive, and I wish to ex¬ 
press my appreciation for their interest 
and co-operation. 
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Transformer Secondary Windings 
and Associated Circuits 
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Synopsis: It has long been recognized that 
excessive potentials may be developed in 
current-transformer secondary windings 
under unusual conditions, such as open cir¬ 
cuits. Recent experience discloses that 
dangerous overvoltages (several thousand 
volts) may be produced as a result of nor¬ 
mal switching operations on circuits con¬ 
taining lumped capacitance. 

A simple procedure for circuit analysis 
and evaluation of approximate voltage 
magnitude for the switching transient case 
is reported. For easy reference, there are 
included tables of calculated secondary 
voltage magnitudes covering a broad range 
of application. 

Under certain conditions, overvoltage 
protection is desirable and important. 
Aside from the potential hazard to life, 
current-transformer circuit insulation may 
be damaged, yet not be evident • immedi¬ 
ately. Performance at normal rated cur¬ 
rent may not be noticeably impaired, yet 
serious failure may occur in the presence 
of fault-current flow, thus nullifying the 
action of current-actuated protective relays. 

The characteristics of a new overvoltage 
protector expressly designed for current- 
transformer protection is presented. With 
this device current-transformer secondary 
voltages are limited to moderate values. 
The protector is small and compact, and 
easily applied to existing as well as new cur¬ 
rent-transformer installations The char¬ 
acteristics are permanent, not affected by 
repetitive operation, and result in negligible 
ratio error in the normal operating current 
range. 

Sources of Excessive Voltage 

E XCESSIVE potentials in current- 
transformer secondary circuits may 
appear as a result of: 

1. Open-circuited secondary winding. 

2. Switching transients in the presence of 
lumped capacitance in the power circuits. 


MEMBER AIEE 

3. Fault current flow. 

4. Lightning impulse currents. 

5. Steep front current transients of other 
origin. 

Open-Circuited Secondary Winding 

The circulation of rated current in the 
primary winding of a current transformer 
with its secondary winding open-circuited 
will give rise to a persistent excessive 
voltage, which may be high enough to be 
dangerous to apparatus and circuit insu¬ 
lation, as well as to any person who may 
come in contact with the circuit. 

In the absence of secondary current 
flow, all of the current-transformer pri¬ 
mary current is exciting current. Al¬ 
though only a small portion of normal 
rated primary current is sufficient to 
saturate the core, there is a short interval 
each half cycle as the current passes 
through zero that the magnetic flux is 
very rapidly whisked from saturation 
value in one direction to saturation value 
in the other direction. It is the exceed¬ 
ingly rapid rate of change of flux during 
this short interval which is responsible 
for the high open-circuit voltage. The 
secondary open-circuit voltage magnitude 
is a function of current-transformer mag¬ 
netic design, is increased by higher operat¬ 
ing frequency, is increased by reduced 
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secondary current rating, but is limited 
to a maximum value of 1.41 (0.866) (E L ) 

(. R ). Potentials in excess of 2,000 volts, 
with rated primary current flow, may be 
frequently expected. Figure 2 typifies 
the resulting peaked voltage wave. 

Switching Transients in the Presence 

of Lumped Capacitance in the 
Power Circuit 

Excessive overvoltages in current- 
transformer secondary circuits have been 
observed in connection with the switching 
of power circuits with which are associated 
lumped capacitance connected either line 
to line or line to neutral. A description 
of the manner in which such voltages are 
generated, together with a simple proce¬ 
dure for evaluating the probable voltage 
magnitude, will be of interest. 

A de-energized capacitor when switched 
on to an energized power circuit initially 
ass um es the appearance of a short circuit 
since the capacitor terminal potential is 
incapable of being changed instantane¬ 
ously by any finite amount. It follows 
that, at the instant the switch is closed, 
the entire system voltage must be ab¬ 
sorbed in the circuit impedance between 
the capacitor and the source of supply. 
Current-transformer circuits constitute a 
part of this interconnecting impedance. 

The transition between the initial 
short-circuit behavior and the normal 
steady-state normal frequency perform¬ 
ance takes the form of a high-frequency 
oscillation which is rapidly damped by 
circuit resistance. The physical size of the 
lumped capacitance has relatively little 
influence on the transient-voltage magni¬ 
tude unless small enough to become com¬ 
parable with distributed capacitance in 
the interconnecting circuit impedance but 
does influence directly the frequency of 
the transient oscillation. 

A simple procedure for circuit analysis 
for evaluating expected current-trans¬ 
former secondary voltages is contained in 
Appendix A. It will be noted that the 
high transient frequency which invariably 
accompanies the production of excessive 
current-transformer voltages permits cir¬ 
cuit resistance to be ignored. It will be 
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Tabic I. Calculated Current-Transformer Secondary Voltage s With One-Ohm Reactive Burden 

Case 1. Single Circuit Containing Lumped Capacitance* 
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1,200 |. 

600 (. 

300 >.500,000. 

1501 

50 J. 

1 , 200 }. 


.250,000. 


.150,000. 


87. 175 

174. 348 

347. 689 

684.1,320 


1,820. 

44. 

87. 

174. 


974. 


.2,750 


6001 
300) 

150 ft 
50 ; 

1*200} 

6001 
300 ) 

150 ( 

so;. 

1 , 200 }. 

600 (. 

300 >. 75,000. 

1501. 

50/. 

1 , 200 }. 

600 (. 

300 >. 50,000. 

1501. 

50/.‘ ‘ ’_ 

Current-transformer voltage class.15,000.7,500.5,000. 


. 88. 

.... 145 


. 174. 

.... 289 


. 347. 

.... 574 


. 680. 

... .1,115 


.1,665. 

_2,560 


/ 52. 

.... 87. 

. 150 

1 105. 

.... 173. 

. 298 

( 208. 

_ 345. 

. 590 

) 411. 

.... 680. 

.1,123 

U,090. 

. .. .1,710. 

.2,180 

( 26. 

.... 43. 

. 75 

| 52. 

.... 86. 

. 149 

105. 

.... 173. 

. 297 

208. 

_ 341. 

. 581 

{ 583. 

.... 938. 

.1,360 


♦These voltages will be produced under short-circuit conditions. 


observed that the current-transformer 
secondary voltage is influenced promi¬ 
nently by power-circuit operating voltage, 
power-circuit inductive reactance, cur¬ 
rent-transformer secondary reactive bur¬ 
den, and current-transformer ratio. It is 
of particular interest to note that the pres¬ 
ence of energized lumped capacitance 
electrically close to the particular capaci¬ 
tor circuit being switched will usually 
greatly accentuate the resulting current- 
transformer secondary voltage. 

For quick reference, a tabulation of cal¬ 
culated current-transformer secondary 
potentials cevering a fairly broad range 
of application conditions has been in¬ 
cluded in Appendix B. Voltage values 
to be expected when switching a single 
lumped capacitance electrically remote 
from energized lumped capacitance appear 
in Table I and Figure 8. Calculated 
voltage magnitudes for the case in which 
the electrical system contains nearby 
energized lumped capacitance appear in 
Table II and Figure 9. It is the purpose 
of the figure in both instances to portray 
graphically the relative effect of variation 
in the predominant influencing factors. 

Fault-Current Flow 

In the presence of primary-circuit fault- 
current flow, a corresponding current 
will flow in the current-transformer 
secondary winding, which in turn will 
produce a high current-transformer 
secondary voltage. Since in the previous 
case it is reasoned that a lumped capaci¬ 
tance initially appears as a system short 
circuit, it follows that the same reasoning 
may be used in judging probable voltage 
magnitudes in the case of fault-current 
flow. In general, however, the system 
impedance will be so large in proportion 
to that of the current transformer that 
the voltages produced are not excessive 
for the insulation of the secondary or 
the devices connected to it. 

It is, however, possible that the presence 


of energized lumped capacitance may ac¬ 
centuate the resulting transient current- 
transformer secondary voltage, in the 
same manner as outlined under the topic 
of switching transients. It is probable 
that such accentuated over voltages 
would be realized only if the character 
of the electrical fault were such that the 
transition between a good insulator and 
a very good conductor was extremely 
abrupt, an example of which would be 
the closure of a bolted fault circuit by 
means of a power-circuit switch. 


Figure 1 (left). Fundamental circuit arrange¬ 
ments which give rise to high switching tran¬ 
sient voltages in current-transformer secondary 
circuits 


Test Verification 

To establish the fact that excessive 
overvoltages could be generated in cur¬ 
rent-transformer secondary circuits in the 
manner described in this paper a test 
setup was made using facilities ; which 
could be made available for this purpose. 
The test circuit arrangement is defined in 
Figure 4. Closure of the circuit breaker 
in this test setup produced current-trans¬ 
former secondary potentials, measured by 
a calibrated sphere gap, of 9,750 volts, 
with a reactive burden of 2.96-ohms and 
5,150 volts with a reactive burden of 
1.74 ohms. 

The circuit configuration unfortunately 
does not simulate closely that encountered 
in practical circuit operation and is 
therefore not suited for checking quanti¬ 
tative agreements with theoretical analy¬ 
sis. The tests do serve to establish the 
following points: 

1. Excessive current-transformer voltages 
may be generated in the manner described 
in this paper. 


CURRENT 



CASE 2 


CAPACITOR 


Case 1. Single circuit containing 
lumped capacitance 

Case2. Multiple circuits contain¬ 
ing lumped capacitance 

Figure 2 (right). Voltage oscillo¬ 
grams of current-transformer secon¬ 
dary voltage with burden dis¬ 
connected 

Case 1. Secondary eooonTpeak 
voltage, no protector 

Case 2. Secondary volt¬ 
age and secondary current 
with one disk thyrite pro- ^Tp^ector^ 
tector 
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Figure 3. 


Equivalent-circuit diagram corre¬ 
sponding to Figure 1 


2. The generation of such excessive volt¬ 
ages is not contingent on the presence of a 
high capacity power supply system. 

3. Variation in the physical size of capaci¬ 
tor units does not significantly change the 
magnitude of secondary voltage generated. 

Need for Overvoltage Protection 

Unless restricted in a suitable manner, 
in applications involving lumped capaci¬ 
tance, excessive voltages may appear in 


voltage may not be evident at normal 
rated current levels but may fail com¬ 
pletely when subjected to increased volt¬ 
ages attendant with fault current flow. 
There is, therefore, a distinct need for an 
effective reliable overvoltage protector for 
current transformer circuits. 

Protective Equipment 

Many overvoltage protective devices 
which have been applied to current trans¬ 
former secondary circuits, such as film 
cutouts, vacuum-tube devices, restricted 


THYRITE DISC 


THERMOSTAT 

SWITCH 


INSULATING TUBE 
INSULATING WASHER 

TERMINALS 


INNER PLATE 


Figure 5. Illustration of Thy- 
rlte secondary protector 



Table A 


Burden 

Per Cent 
Normal Current 

Test Without Protector 

Test With Protector 
(One Disk) 

Ratio 

Phase Angle 

Ratio 

Phase Angle 

Z 


( 10. 

, . ..1.0045. . . 

....+10 . 

. . .1.004(1. . 

.+10 



20 . 

...1.0025.. . 

....+ 5. 

. . .1.0027.. 

.+ 5 

(50 volt-amperes at 50 per 


40. 

...1.0005. . . 

. . . . - 2. 

. ..1.0006.. 

.- 3 

cent power factor). 


60. 

...1.0000, . . 

4. 

. . .1.0002.. 

.- 5 



100 . 

...1.0017. . . 

....+ 2. 

. . .1.0019.. 

.+ 1 



1 150. 

...1.0033. . . 

....+ 5. 

. ..1.0036.. 

.+ 4 



i 200. 

...1.0043 . . . 

....+ 7. 

. ..1.0048... 

.+ 5 


current-transformer secondary circuits 
which are dangerous to current-trans¬ 
former and secondary-circuit insulation 
and to operating personnel. Secondary- 
circuit insulation failure assumes particu¬ 
lar importance in the case of circuits 
containing current-actuated protective 
relays which may be rendered inoperative. 
Secondary-circuit insulation which has 
been punctured by excessive transient 


core designs, and secondary filters, leave 
much to be desired with respect to initial 
performance, reliability, simplicity, and 
application flexibility. In view of the 
fact that unprotected current-transformer 
circuits commonly may be subject to re¬ 
current transient overvoltages, it is 
evident that an adequate protective de¬ 
vice must be capable of repetitive opera¬ 
tion without change in characteristics, 


7 

5 KVA 


O.C.fi, FOR SWITCHING (ONE POLE OF FK33J 
APPROX. 75’ 400 MCM 3/C LEAD COVERED CABLE 


JS.I 50/5A C.T. 

CALIBRATED SPHERE GAP 


.5^1.5 

MFD 


^COMBINATION OF RELAYS 
wmvT AND METER COILS 


.5 

MFD 


Figure 4. Diagram of test cir¬ 
cuit used to verify production 
of high switching-transient 
voltages 


small, compact, and easy to apply, and 
at the same time be low in first cost. 

New Overvoltage Protector 

A secondary protector has been de¬ 
veloped which meets these requirements. 
The complete unit is illustrated in Figure 
5. The active element embodies one or 
two disks made of material having non¬ 
linear resistance characteristics and of 
such character as to secure adequate con¬ 
trol of overvoltages, yet avoid objection¬ 
able error in secondary currents through¬ 
out the operating over current range. 

To avoid excessive temperature of the 
disks in applications which may be sub¬ 
ject to secondary open circuit, an auxiliary 
thermostatic switch is used which short- 



Flgurc 6. Ratio error caused by Thyrite pro¬ 
tector at high currents 
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PRIMARY CURRENT TIMES NORMAL 



Figure 7. Time to close thermostatic switch 
contacts at high currents with a Z burden 


circuits the active unit upon reaching a 
temperature of approximately 100 de¬ 
grees centigrade and automatically resets 
as the temperature of the disks drops 
below the assigned maximum level. 

The protector is built in two forms— 
one with a single disk and the other with 
two such disks in series. 

The two-disk unit is suitable for general 
application and applicable to current- 
transformer circuits used for relaying, as 
well as metering. The single-disk unit is 
designed for the very minimum secondary 
overvoltage and accepts a sacrifice in ac¬ 
curacy at high currents. It is intended 
to be used on current-transformer circuits 
for metering only. The single-disk unit 
is particularly adapted to operating con¬ 
ditions in which operating personnel fre¬ 
quently contact portions of the current- 
transformer secondary circuit and cur- 
rent-transformer circuits may easily be 
inadvertently open-circuited. 

Pertinent performance characteristics 
of the secondary protector are as follows: 

Overvoltage 

With rated current flowing in the cur- 
rent-transformer primary winding and the 
secondary burden disconnected, the pro¬ 
tector will limit the secondary voltage 
to the following: 



Rms Volts 

Peak Volts 

One-disk unit. 

.135. 

. . . . 175 

Two-disk unit.. 

.270., . . 

. . . 3o0 


Figure 2 portrays the wave shape of the 
resulting secondary voltage with the 
normal secondary burden entirely re¬ 
moved. The character of the secondary 
voltage with the protector is in sharp con¬ 
trast with that which would be obtained 
without protector. 


Secondary-Circuit Accuracy 

The effect of either protector on phase 
angle and ratio accuracy with a Z burden 
(50 volt-amperes at 0.5 power factor) is 
negligible under normal operating condi¬ 
tions between 5 per cent and 200 per 
cent of rated load current as evidenced 
by the test information in Table A. 

At high currents, the ratio accuracy of 
the current transformer with the protector 
connected across its secondary terminals 
and with a Z burden is shown in Figure 6. 
Substantial ratio error occurs with cur¬ 
rents of 15 times normal and higher with 
the single-disk protector, which may be 
objectionable for relaying service. 

Thermal-Switch Action 

The thermal switch is needed only for 
the purpose of limiting the temperature 


Figure 8. Curve of calculated results ap¬ 
plying to case 1 for 6,600-volt operation 

Case 1. Single circuit containing lumped 
capacitance 

Ei 6,600-volt three-phase 60 cycles 
Current transformer—Instrument-type, five- 
ampere secondary winding 
X b —One ohm 

to a safe value in the presence of an open 
secondary circuit. Under normal opera¬ 
tion, including the temporary flow of fault 
current, excessive temperature will not 
be realized and a thermal protective 
switch if present would not operate. 
Figure 7 defines the time required for the 
thermal switch contacts to close as a func¬ 
tion of current magnitude, again based on 
the presence of a Z secondary burden. 

The recycling characteristic of the pro¬ 
tector with thermal switch in the presence 


Table II.. Calculated Current-Transformer Secondary Voltage e s With One-Ohm Reactive Burden 

Case 2. Multiple Circuits Containing Lumped Capacitance 


CD—wk-[———— 


l 


/ in. REACTIVE 

Ty^ —W/VW-j 

CAPACITORrtC 

\r 


Current- 

Transformer 


Primary Operating Potential—-Volts 


Amperes 

13,200 

6,600 

4,000 

2,300 

400 

220 


1,200... 

... 1,053.. 

... 527... 

, 319.. 

.. 183.. 

. . . 35. . . 

18 

0.03 ohm per phase 

600.. , 

. . 2,090. . 

. . 1,045. . . 

, . . 640.. 

. . 368. . , 

70. . . 

. 35 

Approximately 500 feet 

300.. . 

.. 4,040. . 

. . 2,020. . . 

. . 1,250. . 

.. 721... 

. . 138... 

. 09 

Three-conductor cable 

200.. . 

. . 5,770. . 

. . 2,890. . . 

. . 1,840. . 

. l,08f) 

203 


100... 

.. 8,940. . 

. . 4,460. . . 

. . 3,170. . 

-.1,830. .; 

.. 350... 

. 233 


50.. . 

. . 9,530. . 

. . 4,770. . . 

. . 4,200. . 

. .2,420. . . 

.. 462... 

. 232 


/ 1,200... 

.. 2,620. . 

. . 1,310. . . 

. . 795.. 

.. 458.., 

. . . 88. . . 

44 

0.012 ohm per phase 

| 600... 

. . 5,130. . 

. . 2,560. . . 

. . 1,575. . 

. . 905.. . 

. .. 173... 

. 87 

Approximately 200 feet 

] 300... 

. . 9,460. . 

. . 4/730. . . 

. . 3,030. . 

. .1,740. . , 

. . 334... 

. 167 

Three-conductor cable 

J 200... 

. .12,600. . 

. . 6,300. . . 

, . 4,270. . 

. .2,450. . . 

.. 470... 

. 234 


[ 100... 

. . 15,500. . 

. . 7,750. . . 

. . 6,310. . 

. .3,620. . . 

.. 695... 

. 346 


\ 50... 

. .12,300. . 

. . 6,150. . . 

. . 6,230. . 

. . 3 590 

690 



( 1,200. . , 

, . . 5,180. . 

.. 2,590.... 

.. 1,585... 

.. 912.. 

. . . 175.. . 

. 88 

j 

600... 

.. 9,950. . 

. . 4,980. . . 

. . 3,100. . 

. .1,785. . . 

. . 342.. . 

171 

0.006 ohm per phase 

300... 

. . 17,200. . 

. . 8,590. . . 

. . 5,750. . 

. .3,300. . . 

632. . 

91 7 

Approximately 100 feet < 

200... 

. .20,900. . 

. . 10,470, . . 

. . 7,650. . 

. .4,400. . . 

. . 842 

. Oil 

420 

Three-conductor cable ; 

150... 

. .*22,000 . . 

. .11,020. . . 

. . 8,770. . 

. .5,050. . . 

.. 965..* 

. 482 


100... 

. .20,550. . 

. .10,290. . . 

. . 9,400. . 

, .5,410. . . 

. .1,035, 

518 


i 50... 

. .13,650. . 

. . 6,810. . . 

. . 7,460. . 

. .4,280. . . 

. . 822.* 

. 410 


' 1,200... 

.. 10,250. . 

. . 5,130. . . 

. . 3,150. . 

. .1,810. . . 

.. 347... 

. 173 

0.003 ohm per phase 1 

600... 

. .19,080. . 

. . 9,550. . . 

. . 6,100. . 

. .3,500. . . 

. . 671 

335 

Approximately 50 feet j 

1 300... 

. .28,900. . 

. .14,450. . . 

. .10,400. . 

. .5,970. . . 

. . 1,140! 1 '. 

. 574 

Three-conductor cable J 

200... 

. .31,200. . 

. .15,600. . . 

. .12,650. . 

. .7,300. . . 

. .1,400. . . 

. 698 


100... 

. .24,600. . 

. .12,300. . . 

. .12,500. . 

. .7,180. . . 

. .1,375. . . 

. 686 


50... 

.. 14,400. . 

. . 7,200. . . 

. . 8,250. . 

. .4,740. . . 

.. 910_ 

. 455 

Current-transformer voltage class. .. 

. . 15,000. . 

. . 7,500. . . 

. . 5,000. . 

. .5,000. . . 

. .5,000_ 

.5,000 
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Figure 9. Curve of calculated results applying 
to case 2 for 6,600-volt operation 

El — 6 , 600 -volt three-phase 60 cycles 
Current transformer—Instrument-type, five-am¬ 
pere secondary winding 
X B — One ohm 


of a permanent open-circuited secondary 
winding and normal rated current flowing 
in the primary winding is: 



Time to 

Time 


Close Contacts 

to Reset 

One-disk unit.... 


8 minutes 

Two-disk unit.... 


11 minutes 


Outstanding Advantages 

The new secondary protector consti¬ 
tutes a simple, reliable, inexpensive, over¬ 
voltage device for general application. It 
is small, compact, and suitable for direct 
mounting on the current-transformer 
structure. The outstanding features are: 

1. Permanence of characteristics—not in¬ 
fluenced by repetitive operation. 

2. Effective voltage protection provided 
irrespective of the voltage source or the 
possible oscillation frequencies involved. 

3. No operating time lag. 


4. Negligible influence on accuracy within 
the normal range of operating current and 
burden. 

5. Simple, compact, and applicable to 
existing as well as new current-transformer 
installations. 

6. Active element completely enclosed— 
mechanical protection provided and dust 
and other foreign materials excluded. 

Appendix A. Current-Trans¬ 
former Switching-Transient Over¬ 
voltage Circuit Analysis 

The fundamental circuit arrangements il- 
lustrated in Figure I are first reduced to an 
equivalent line to neutral one-line diagram 
as shown on the upper part of Figure 3. 

Refer to Current-Transformer 
Secondary Winding 

A better physical conception of circuit 
behavior will be gained through analysis in 
terms of the current-transformer secondary 
winding. In referring primary circuit 
quantities to the secondary, voltages are 
multiplied by R and impedances by R 2 . 
Current-transformer internal impedance is 
generally available expressed in terms of the 
secondary winding. 

The effective_primary circuit voltage is 
taken as E L / \/3 which would correspond 
to simultaneous closing of the three poles 
of the switching unit. It might be reasoned 


that the transient would be controlled by 
the first two poles to close, in which case the 
effective primary circuit voltage would be 
£l/ 2. As there is no significant difference 
between the two (0.57 7E L and 0.5E L ), 
only one (the more pessimistic) will be used. 

The resulting equivalent circuits referred 
to the secondary winding appear in the 
lower portion of Figure 3. 

Evaluation of Secondary Voltage 

By neglecting circuit resistance, a tre¬ 
mendous reduction in complexity of analysis 
is effected. That it is reasonable to do so is 
judged by the following: 

1. At fundamental frequency, resistance generally 
plays only a minor part in influencing voltage drop 
through circuit impedance elements. 

2 . Invariably switching transients which will give 
rise to dangerous secondary voltages will be as¬ 
sociated with oscillating frequencies far above 
normal which further reduce the significance of 
resistance. 

3. A high degree of accuracy in secondary-voltage 
evaluation is of slight import. Simplicity in 
analysis is far more important. 

Immediately following circuit closure, 
system voltage becomes distributed along 
the inductive reactance between the voltage 
source and the de-energized capacitor 
switched on the line. Thai portion which 
appears across the current-transformer total 
secondary burden X B represents the voltage 
which appears at the secondary terminals. 

Case 1. A single circuit containing 
lumped capacitance. The expression for cur¬ 
rent-transformer secondary voltage im¬ 
mediately following switch closure can be 
directly written. 

. X]L 

S L(X,+Xf)R*+Xar+X B _ 

Case 2. Multiple circuits containing 
lumped capacitance . The treatment of this 
case will be treated in two steps, A and B. 
Case 2^4 assumes the presence of lumped 
capacitance directly at the distribution bus, 
while case 2 B considers a number of similar 
feeder circuits each containing lumped 
capacitance, only one of which is de-ener¬ 
gized and to be switched on the line. 

It will be apparent that an energized 
capacitor will resist a change in its terminal 
voltage in the same manner as a de-ener¬ 
gized unit. The initial transient distribu¬ 
tion of system potential will thus occur 
across circuit impedance elements interven¬ 
ing between the energized and the de¬ 
energized capacitance blocks. 

Case 2A . With lumped capacitance at 

the distribution bus, the supply system im¬ 
pedance Zs is effectively shunted out of the 
transient oscillating circuit. The expression 
for current-transformer secondary voltage 
becomes 



Case 2B . The secondary voltage, e s , 
when switching one deenergized circuit in 
the presence of N similar circuits which 
already energized from the same bus, can 
be expressed as a fraction of the voltage 
which would result in case 2A. A certain 
portion of the total system voltage will ap¬ 
pear across inductive reactance elements 
contained in the energized circuits, which 


Kaufmann , Camilli — Current-Transformer Protection 


July 1943, Volume 62 


Transactions 471 





portion will diminish as the number of 
energized circuits increases. With N 
energized circuits, the switching of a similar 
circuit will result in a secondary voltage on 
the switched circuit of— 



=<?s (case 2A) X 


N 

N+l 


Values for the modifier 


N 

N+l 


are: 


N 

N 

N + l 

Infinite. 

. 1.0 

6. 

. 0.87 

3. 

. 0.75 

2. 

, , . . 0 67 

1. 

. 0 5 

0. 



Nomenclature 

Z $—Primary supply circuit impedance 
rs+jX s ohms per phase ( Y) 

Zj —Primary feeder circuit impedance 
rj+jXf ohms per phase ( Y) 

Z c —Primary capacitance block impedance 
~jX c ohms per phase (F) 

Zct —Current-transformer internal im¬ 

pedance r CT +jX C T ohms (referred to 
secondary) 

Zb —Current-transformer secondary bur¬ 
den impedance r B +jX B ohms 
E l —Primary circuit-potential—line-to-line 
volts 

e a —Current-transformer secondary ter¬ 
minal voltage 

R —Current-transformer ratio. 


Appendix B. Current-Trans¬ 
former Switching-Transient Over¬ 
voltage Calculated Results 


For quick estimating purposes, calcula¬ 
tions have been made using the methods 
outlined in Appendix A, covering a fairly 
broad range of application conditions both 
for case A and case B. 

All calculated results apply to a five- 
ampere rated secondary current. 

All calculated results are based on a 
secondary reactive burden of one ohm. 
For practical purposes, the resulting second¬ 
ary voltage may be considered directly pro¬ 
portional to X B . 

All results apply expressly to 60-cycle 
operation. The switching transient is inde¬ 
pendent of operating frequency, and results 
here tabulated may be used for other operat¬ 
ing frequencies if carefully converted. 

Results included under case 1 may be 
used to judge the secondary voltage magni¬ 
tude resulting from fault-current flow in a 
system free of near-by lumped capacitance. 

Specific Results 

CasbI 

Table L Tabulated transient second¬ 
ary voltage for current-transformer primary 


Industrial Control: Dynamic Braking of 
a D-C Shunt Motor and Load 

G. F. LELAND L. T. RADER 
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W ITH high-production machines re¬ 
quiring rapid-duty cycling and ac¬ 
curate positioning, the speed-time char¬ 
acteristics of accelerating and decelerat¬ 
ing motors are very important. D-c shunt 
machines are often employed for these 
applications because of their flexibility 
both in starting and stopping. One 
method commonly employed to bring the 
rotating system to rest is to disconnect 
the motor from the line and reconnect it 
across a resistor. The shunt field remains 
connected to the line so that the motor 
acts as a generator driven by the stored 
energy in the load. This method is known 
as dynamic braking. The elementary 
connection of the dynamic-braking circuit 
is shown in Figure 1. Since the torque 
developed is proportional to the product 
of field flux and armature current, and 

Paper 43-74, recommended by the AIEE com¬ 
mittees on electrical machinery and industrial 
power applications for presentation at the AIEE 
South West District technical meeting, Kansas 
City, Mo., April 28-30, 1943. Manuscript sub¬ 
mitted March 8, 1943; made available for printing 
March 30,1943. 

G. F, Leland and L. T. Rader are both in the in¬ 
dustrial control engineering department, General 
Electric Company, Schenectady, N. Y. 

The authors acknowledge the assistance of R. R. 
Lang in checking the equations and making calcu¬ 
lations. 


the latter depends on the speed, the 
braking effect obtained decreases as the 
motor loses speed. A friction-type load, 
independent of the speed, must be present 
in order to bring the motor to rest. 

A method often used for calculating 
these accelerating and decelerating times 
is based on an average torque formula. 1 

^ (WR)^ ( N) 

l KveniKo — TT Z~~~, -“ 

307.8 (t seconds) 

This average torque formula rests on the 
assumption of constant angular accelera¬ 
tion and gives reasonably good results for 
systems where the frictional component of 
torque is large. However, it can lead to 
results which are greatly in error when the 
frictional component of retarding forces 
is small with respect to the full load torque 
of the motor in a system which has con¬ 
siderable stored energy. 

Scope of Problem 

This paper presents an analysis which 
leads to an effective and accurate method 
of calculating the performance of a d-c 
shunt motor under dynamic braking when 
connected to various types of load. 


current ratings ranging from 50 to 1,200 
amperes, operating voltages of 13,800,6,900, 
4,160, and 2,400 volts, short-circuit kilovolt¬ 
ampere levels from 50,000 to 500,000-kva. 

Figure 8. Calculated values for 6,900- 

volt operation plotted in curve form to 
illustrate the influence of various factors. 

Case 2 

Table II. Tabulated transient second¬ 

ary voltage of the same character as in 
Table I. 

. F hure 9 . Values for 6,900-volt opera¬ 
tion plotted in curve form to illustrate the 
influence of various factors. 

Typical Circuit Constants 

Current-transformer internal series im¬ 
pedance (instrument type): 

5,000 volts class L+jl.5 ohms (60 cycles) referred 
to five amperes secondary windings 

7,500 volts class 1.3 -b'4.0 ohms (60 cycles) referred 
to five amperes secondary windings 

15,000 volts class 1.3 +j4.7 ohms (60 cycles) referred 
to five amperes secondary windings 


Secondary burden (devices—60 cycles): 

Ammeter wattmeter watt-hour meter (AD-7 
five amperes) 0.05+?0.05 ohm 

Power-factor meter (AD- 7) 0.11+/0.11 ohm 

Recording ammeter (CD-3 five amperes) 0.12 + /0. 5 
ohm 

I AC relay (4-15 amperes oa 4-A tap) 0.14+j0.34 
ohm 

1BC relay (4-15 amperes on 4-A tap) 0.2+j0 45 
ohm 

Power-circuit cable reactance—60 cycles: 

7,500 volts and less 0,026-0.033 ohm/1,000: 
number 1/0 and larger 

15,000 volts 0.031-0.039 ohra/1,000: 500,000 

cular mils—number 1/0 
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Three general solutions are covered de¬ 
pending on the type of load. 

1* Torque varying directly as the speed 
together with a frictional component inde¬ 
pendent of the speed. 

2. Torque varying as the square of the 
speed together with a frictional component 
independent of the speed, such as for a fan 
or blower operating with constant discharge 
orifices. 

3. Torque independent of the speed such as 
a crane hoist operating against gravity, or a 
wire drawing machine. 

This analysis is made only for the shunt 
motor with constant field strength at full 
field. The more common applications 
such as the variable speed d-c motors and 
the series d-c motors are not discussed. 

Conventions and Assumptions 

Most authors use the well-known equa¬ 
tions V~e-\-ir for a motor and e— V+ir 
for a generator so that the direction of cur¬ 
rent is positive for either machine under 
normal operating conditions. In order to 
differentiate between motor current and 
generator current, subscripts must be 
used together with the relation that motor 
and generator current flow in opposite di¬ 
rections. This convention, predicated on 
the use of the above two equations is, 
however, unnecessary. It is also con¬ 
fusing when considering one machine 
which alternately acts as a motor or a gen¬ 
erator. The difficulty is eliminated by 
using only the motor equation V=e+ir 
together with the following conventions. 
Positive motor current causes positive 
motor torque. The direction of rotation 
of the machine when running as a motor is 
considered as the positive direction, so 
that positive torque and acceleration will 
cause an increase in speed. These rela¬ 
tionships are shown in Figures 2 and 3. 

The following assumptions are made: 

1. Armature reaction is neglected. This 
assumption is justifiable since dynamic 



Figure 1. Elementary connection diagram 
showing dynamic braking circuit 

LE —Line contactor 

DB — Dynamic braking contactor 

R —Total resistance in braking circuit 



Figure 2 (left). Relations 
existing before dynamic 
braking between torque, 
current, and angular veloc¬ 
ity when the load torque 
varies as the square of the 
speed 

Figure 3 (right). Relations 
existing after dynamic brak¬ 
ing between torque, cur¬ 
rent, and angular velocity 
when the load torque varies 
as the square of the speed 





braking currents are usually limited to about 
200 per cent full load current and armature 
reaction is negligible in this range. 

2. Frictional forces are assumed constant 
throughout the entire speed range. 

Results 

The curves shown in Figures 4 to 8 give 
the performance of the shunt motor under 
dynamic braking for the assumed loads. 
Both coordinates are dimensionless quan¬ 
tities, so that the curves are applicable to 
any motor and system. The ordinate is 
the ratio of the current at any instant as a 
fraction of the initial braking current. 
When the value of the braking resistor 
remains unchanged, this ordinate is also 
a ratio of the speed at any instant to the 
initial speed. The abscissa is given as a 
function of the initial watts in the braking 
circuit, the total mechanical stored energy 
in the rotating system, and the time. 

Although the curves are given for a con¬ 
stant braking resistance, they may be 
applied when the resistance is decreased 


in steps during the braking period, pro¬ 
vided only that the speed at which the 
switching occurs is considered full speed, 
and the new KE$ is then used. 

The parameter, M , is the constant 
torque component of the armature current 
as a function of the full load current. It 
should be noted that when M— 1, case b 



Figure 4. Load torque versus sp ed for 
various ratios of friction load to full load when 
the load torque varies as the first power of the 
speed 
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2KE 0 


Figure 5a. Current 
and time relations 
during dynamic brak¬ 
ing for various ratios 
of friction load to 
full load when the 
load torque varies 
as the first power of 
the speed, and the 
initial braking cur¬ 
rent is equal to the 
full load current 



Figure 5b. Current 
and time relations 
during dynamic brak¬ 
ing for various ratios 
of friction load to 
full load when the 
load torque varies 
as the first power of 
the speed, and the 
initial braking cur¬ 
rent is 150 per cent 
of full load current 


Figure 5c. Current 
and time relations 
during dynamic brak¬ 
ing for various ratios 
of friction load to 
full load when the 
load torque varies 
as the first power of 
the speed, and the 
initial braking cur¬ 
rent is 200 per cent 
of full load current 


and case c are identical and reduce to 
case a. 

Using this method then it is possible to 
calculate the time taken by a system of 
known inertia and speed to come to rest; 
or conversely the required braking re¬ 
sistor required to bring the system to rest 
in a specified time. This method also 
furnishes a useful guide for the selection 
of motors with the correct moment of 
inertia when they must perform under 
severe duty cycles of starts and stops. It 
is interesting to note in this connection 
that a small motor will sometimes give a 
certain duty-cycle performance with a 
load where a larger motor would fail 
under the same conditions. 

The cases treated cover many of the 
usual loads encountered in industrial 
work, but the curves can be extrapolated 


for other speed torque conditions, or the 
equations can be set up for any conditions 
and solved using graphical integration if 
necessary. 

The curves presented for case b and 
case c are for dynamically braking a fully 
loaded motor. Similar curves can be 
drawn for any other load condition by 
assigning different values to b in equa¬ 
tions 15 and 17. 


(For nomenclature see Appendix I 
The equation for generated volta 


e — 


ZP <f)7l 


e = 


m (60)10 

C(f>03 


( 

volts, 2 and since to=- 


2tt10 8 


volts 
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where c — ZP/m. The torque equation 3 
is 


T —— — dyne-centimeters 
m 20 tt 

and since 10 7 dyne-centimeters = 1 watt- 
second, this becomes 


T 


ZP <f>i c<f>i 
— watt-seconds 

m 2tt10 8 2tt10 8 


( 2 ) 


The load torque, which is negative, causes 
a positive armature current to flow 
(Figure 2), and since positive current lias 
been defined as the current that produces 
a positive torque, then 

— Cfyijj 

T l — watt-seconds (3) 

27rl0 8 


Now, 


U03 

T+T L =J-=J a 

at 


(4) 


At time t= 0, the line contactor LE shown 
in Figure 1 is opened and the dynamic 
braking contactor DB is closed, so that 




C<fxx> 

2tt10 8 


(5) 


Since KE= 1 / 2 J(x ; 2 then 


2KE_2KE 9 

CO 2 a>0 2 


( 6 ) 


Combining equations 4 and 6 gives 


T+T l 


2/CEo d(a 

coo 2 dt 


(7) 


Expressing the torques in terms of cur¬ 
rents, equation 7 becomes 


C( fri Ctjyijj 2 KEq do) 

27rl0 8 ~ 2 tt 10 8 = coo 2 dt 

From equation 5 

'zT&brlO 8 

CO - - 

C(f> 

and since *= —/ 0 at <=0 then 
/J&ttIO 8 

COO -- 

C(f> 


( 8 ) 


(9) 


(9a> 



Figure 6. L ad torque versus spe d for various 
ratios of friction load to full load when the 
load torque varies as the square of the speed 
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Figure 7a. Current 
and time relations 
during dynamicbrak¬ 
ing for various ratios 
of friction load to 
full load when the 
load torque varies 
as the square of the 
speed, and the initial 
braking current is 
equal to the full 
load current 


Substituting equation 13 into equation 13 
yields 


2KEo di t (Jo~\~bI F L~~I/} , t 

wo Jr J 0 


(14) 


This is a linear first-order first-degree 
differential equation whose solution, after 
substitution of the boundary condition, 
i= —Iq at t~Q is 

1 = h 

Id Io ~\~ bI F L — If 

r If ~| W Qt f h+blFL-If -] 

[ sfS 5 - F +iJ.-«L * J 

(IS) 



0 0.2 0.4 0.6 0.8 1.0 1.2 !.4 L6 1.8 2.0 2.2 24 2.G 28 30 32 3.4 36 


2KE 0 


Figure lb. Current 
and time relations 
during dynamic brak¬ 
ing for various ratios 
of friction load to 
full load when the 
load torque varies as 
the square of the 
speed, and the initial 
braking current is 
1 50 per cent of full 
load current 



0 02 0.4 0.6 0.8 1.0 1.2 1.4 16 1.8 20 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 


W 0 t 

2KE 0 


Figure 7c. Current 
and time relations 
during dynamic brak¬ 
ing for various ratios 
of friction load to full 
load when the load 
torque varies as the 
square of the speed/ 
and the initial brak¬ 
ing current is 200 
per cent of full load 
current 


so that 


, r/oiffixlO 8- ! 2 

2irl0 8 T 

COO 2 — ] — WqR 


L c<t> J 

L c<t> J 

and 


1 do) — c<j> di 


Vo 2 dt HqVIO 8 dt 



Immediately after switching, i L =I L , 
for the speed of o>=coo. Therefore, 
Ih—A\(j)o~\~If. The load current can be 
expressed in terms of Ifl by letting I L = 
bI FL where b is the ratio between the two 
currents. 

( 10 ) Therefore, Ai = (bI FL — l f )/cx ) 0 so that 


Substituting equation 10 in equation 8 
and simplifying, the latter reduces to 


i—ih — 


— 2KEq di 
Wo ~ It 


( 11 ) 


Equation 11 is the fundamental equation 
governing dynamic braking and can be 
solved when i L is known as a function of 
speed. 


iL—{blFL~If) -\-If ( 12 ) 

COo 


After switching to the dynamic braking 
connection, the armature current at any 
speed is obtained from equations 9 and 
9a yielding, co/c^o— —i/h so that equation 
12 becomes 


Case I 

iL~Aw\-If 



(13) 


For the fully loaded motor b is unity, and 
the equation becomes 

1/ 

Io Io-\-I FL — If 

[if 1 Wat r **+**L-in 

—— - 7 + 1 6 2 /c^L J 

Uo-r-LFL — lf 

(15a) 

Equation 15a is shown plotted in Figures 
5a, 5b, and 5c for various percentage 
values of l f to I FL . The maximum value 
of / 0 is usually governed by the commutat¬ 
ing ability of the machine. Two hundred 
per cent full load current is a representa¬ 
tive value. 

Case II 
ijj =i42C0 2 + If 

For conditions immediately after 
switching where i L =^L^bI FL this equa¬ 
tion reduces to 


. (bI FL -I f ). 

^=— jr~ r+If 


(16) 


Substituting equation 16 into equation 11 
yields 


2KEo di (bI FL ~I/) , n , . T 

-— — j 

Wo it V 


(17) 


Substituting b equal to unity, the solution 
of equation 17 is 


Wot 

2KEo 



di 

(I F L~If)i 2 -IoH+Io*If 


+ 


constant 


( 18 ) 


The right-hand side of this equation is of 
the form J'{dx/X) where 


X-ax iJ rbx-{-c (19) 

and the solution 4 depends on the value of 
the discriminant & 2 —4ac. This term is 

Iq 2 W ~~ 47/(i/?z, — I/} ] (20) 

Since I FL is a constant, the maximum 
value of the second term in equation 20 is 
obtained by differentiating it with respect 
to If which yields I f ~ l /%I FL . Equation 
20 then becomes 

Iq 2 W—Ifl 2 ] ( 21 ) 

Considering only the case where h^l FL 
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Figure 8. Current 
and time relations 
during dynamic brak¬ 
ing For vari us ratios 
of Friction load cur¬ 
rent to the initial 
braking current when 
the load torque is 
independent of 
speed 


so that the discriminant is positive, the 
solution of equation 18, after substituting 
the boundary' condition that i=—Io at 
/ = 0, is 


Wot in 
2KE„ B l0g 


F 2(Ifl—I/) -f-io—iT J 


X 

( 22 ) 


where 


B = \/W-4I f IpL+4Jf- 

Letting I f = MI FL and I FL =equation 22 
reduces to 

_ 1 f 2(1-Jkf)i/J 0 -2M "1 

2KE a (2M-l) S \_ i/Io—1 J 

(23) 


which is plotted in Figure la for various 
values of M. Substitution of I,=MI pt 
and Jo=3/2 I FL into equation 22 gives 

W± __3_ 

2KE* 

~(4if—7+ V 16AP — 16M+9)«//o+ ~ 
loe 4M+3 + V_ 16Afg—1 6AT+9 

(4M-7 - V l6M*-XW+Q)i/h + 

4M+3-Vl6M*-im+9_ 

(24) 

which is plotted in Figure lb for various 
values of M. Substitution of I f =MI FL 
and I 0 —2I FL into equation 22 gives 

Wot l 

2KE » VM—M 2 +l X 

(M-2+M+l)i/I t +~ 

Iok m+i + Vm*-m+i 

{M-2-V M*- M+\)j/I a + (25) 

JW+l-V. 

which is plotted in Figure 7c for various 
values of M. 


Case III 




For this constant-torque load condition, 
equation 11 reduces to 

j __ ~~2KEq di 

TF„ It ( 26 ) 


Integration of equation 26 together with 
the boundary condition of i=—I Q at 
/= 0 gives the solution 

i l f (i f \ 

wrU +1 > “* (27 > 

which is plotted in Figure 8 for various 
values of S, where 5 is the ratio I f to i 0 . 
This same solution can be obtained by 
substituting bI FL =I f in equation 15. 


Example 

A Thearle balancing set carries a 
smooth rotor with a WR 2 of 2,400 pound- 
feet squared. This is driven by a 20- 
horsepower 230-volt 500-rpm 75-ampere 
full-load-current motor, with a WR 2 of 
21 pound-feet squared. With a dynamic 
braking resistor of 3.78 ohms, it is required 
to find the time for the system to come to 
rest. 

Motor speed at test =584 rpm 
WR 2 of test rotor referred to motor 
shaft=552 pound-feet squared 

WR* of two pulleys referred to motor 
shaft=two pound -feet squared 

WR 2 of motor rotor = 21 pound-feet 
squared 

Total WR 2 referred to motor shaft = 
575 pound-feet squared 
Internal resistance of motor r = 0.3 
ohms 

Therefore, total dynamic braking re¬ 
sistori?=4.08 ohms so th at io=230/4.08 = 
56.4 amperes. 

The steady-state load on the motor is 
4.5 amperes and the speed is low enough 
so that windage can be considered 
negligible. Then 

If 4.5 
J = —=0.v8 
lo 56.4 

JFo=Z 0 2 R = (56.4) 2 (4.08) = 12,900 watts 
KEq = (2.31) WR 2 N 2 10“ 4 watt-seconds 
= (2.31) (575) (584) 2 10“ 4 =45,200 watt- 
seconds 

Therefore, 


W Q t 
2 KE { 


= 0.143 1 


Using equation 27 and putting t=0 for 
the standstill condition 

0 = 0.08 — (0.08-M)e -0 ' 143 * 

from which 

t ~ 18.2 seconds 

The same result may be obtained by 
interpolation from Figure 8. 


Appendix 

Nomenclature 

—Constants. 
b Ratio of //, to Ifl- 
c — ZP/m, motor constant. 

DB —Dynamic braking contactor. 
e —Counter emf at any instant. 
i —Armature current at any instant. 

ih —-Current required to supply the 
torque demanded by the load and 
equal I f at co = 0. 

If— Current required to supply the 
torque demanded by the frictional 
component of the load. 

Il —Value of i L at time 2 = 0. 

I Fit —Rated motor current. 

h —-Value of i at time / = 0. 

J —Polar moment of inertia of all 
Rotating parts in centimeter-gram- 
second units. 

ICE —Kinetic energy of rotating system in 
centimeter-gram-second units. 

KEq —2.31 ( WR 2 ) ( N ) 2 10“ 4 watt-seconds, 
value of KE at time t = 0. 

LE —Line contactor. 

m —number of conductor groups con¬ 
nected in parallel between brushes 
in the motor. 

M —Ratio of If to I FL . 

n —Speed in revolutions per minute. 

N —Value of n at time £ = 0. 

P —Number of magnetic poles in the 
motor. 

t —Internal resistance in ohins. 

R —Total ohms resistance in dynamic 
braking circuit. 

S —Ratio of If to I 0 . 

t —Time in seconds measured from the 
time the dynamic braking contactor 
closes. 

T —Developed torque in watt-seconds. 

T l —Load torque in watt-seconds. 

V —Line voltage. 

Wo — I q 2 R in watts. 

WR 2 —Inertia in pound-feet squared. 

A Number of armature conductors. 

a —Angular acceleration in radians per 
second per second. 

0 Useful flux per pole crossing the air 
gap. 

to—Angular velocity in radians per 
second. 

too—Value of to at time / = (), 
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Use of Equivalent Annual Ambient 
Temperature in Overloading 
Transformers and Voltage Regulators 

M. S. OLDACRE 

MEMBER A1EE 


averaging of the aging for all the different 
ambient temperatures throughout the 
year. For general use this would have 
to be done for a period of years in order 
to arrive at a usable mean condition. 
Such lengthy calculations have been the 
chief difficulty in the application of 
equivalent ambient temperature. This 
paper presents an approximate method of 
determining equivalent annual ambient 
temperature from readily available 
United States Weather Bureau data. 


Synopsis: In the “Interim Report on 
Guides for Overloading Transformers and 
Voltage Regulators,” 1 reference is made to 
the use of equivalent annual ambient tem¬ 
peratures in determining the loading of 
transformer equipment. This paper is to 
show a method of calculating the equivalent 
annual ambient temperature from readily 
available climatological data to avoid diffi¬ 
culties in other methods that have been 
proposed. An outline is given also of con¬ 
ditions under which the equivalent annual 
ambient temperature may be applied in 
determining permissible overloads for trans¬ 
formers. 

I T has long been understood that the 
life of a transformer is dependent on 
the operating temperature of its insula¬ 
tion. A great amount of experimental 
work on aging of insulation has been done 
in recent years. 2-6 Although there has 
been no complete agreement on the time- 
temperature-aging characteristics of 
transformer insulation, the eight-degree- 
centigrade rule formulated by V. M. 
Montsinger has been given general ac¬ 
ceptance. 

The proposed American Standard C-57 7 
recommends 95 degrees centigrade as the 
hottest-spot temperature that will give 
normal life for continuous operation of a 
transformer. For rating purposes this 
is restated as follows: 

“. . . transformers of usual design having a 
winding temperature rise (by resistance) of 
55C at rated load . . . may be operated con¬ 
tinuously at rated load . . . provided that 
. . . the temperature of the cooling air at 
no time exceeds 40C and the average 
temperature of the cooling air during any 
24-hour period does not exceed 30C.” 

For the average transformer, an in¬ 
crease of one per cent in load above 100 
per cent increases the hottest-spot tem¬ 
perature rise approximately one degree 
centigrade. Operation above 100 per 


Paper 43-65, recommended by the AIEE committee 
on electrical machinery for presentation at the 
AIEE North-Eastern District technical meeting, 
Pittsfield, Mass., April 8—9, 1943. Manuscript 
submitted February 8, 1943; made available for 
printing March 4, 1943. 

M. S. Oldacre is equipment and research engineer 
of the Commonwealth Edison Company, Chicago, 
Ill. 


cent load at ambient temperatures be¬ 
low 30 degrees centigrade will still not 
cause the hottest-spot temperature to 
exceed the limit of 95 degrees centigrade 
if the following American Standard rule is 
observed: 

“Oil-immersed self-cooled transformers may 
be loaded continuously one per cent above 
rated kilovolt-amperes for each degree 
centigrade that the daily average tempera¬ 
ture of the cooling medium (air) is below 
30C.” 

In June 1942, the transformer sub¬ 
committee of the committee on electrical 
machinery issued an “Interim Report on 
Guides for Overloading Transformers and 
Voltage Regulators.” This report gave 
a rule for overloading based on low am¬ 
bient temperatures which included the 
following statement: 

“Under some conditions greater permis¬ 
sible overload capability can be obtained by 
using ‘equivalent annual ambient* instead 
of the daily average ambient when applying 
the rule for overloads due to change in 
ambient. The equivalent annual ambient 
is the temperature which, if maintained 
continuously, would result in the same 
aging as that occurring under the actual 
ambient temperature throughout the year.” 

The use of equivalent annual ambient 
temperature instead of average annual 
temperature takes into consideration the 
fact that the average rate of deterioration 
of insulation for a temperature range is 
higher than the rate of deterioration for 
the average temperature in the same 
range. This is in accordance with the 
eight-degree-centigrade rule mentioned 
above. 

To calculate an equivalent annual 
ambient temperature would require the 


The results are compared with those ob¬ 
tained from complete summaries for a 
few cities to justify the general use of 
the approximate method. 

Use of Climatological Data 

Based on climatological data issued by 
the United States Weather Bureau, the 
range of ambient temperature during the 
year may be divided into three parts, 
as follows: 

1. Range during the year of monthly mean 
temperatures. These are summarized na¬ 
tionally and are readily available. 

2. Range during the month of daily mean 
temperatures. These are not summarized 
nationally, except on a normal basis, but 
are available locally from annual reports. 

3. Range during the day of hourly tempera¬ 
tures. These are available nationally as 
the difference between the normal daily 
maximum and the normal daily minimum 
temperatures. 

The daily mean temperature is the 
average of the maximum and minimum 
temperatures for the day, not the 
weighted average. The monthly mean 
temperature is an average of the daily 
mean temperatures during the month. 

For use in calculating equivalent an¬ 
nual ambient temperature, there has 
been general agreement on the use of 
items 1 and 2 in the preceding list, There 
has been disagreement on the use of item 
3 on two points, as follows: 

(a). Present American Standard £-57 
states: “A transformer may be operated 
continuously at rated load . . . provided 
that .. the temperature of the cooling air 
at no time exceeds 40C, and the average 
temperature of the cooling air during any 
24-hour period does not exceed 30C.” To 
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consider equivalent daily temperature in¬ 
stead of average daily temperature is con¬ 
trary to this provision of the American 
Standard. 

(&). On a daily temperature cycle the 
thermal lag of the transformer flattens out 
the range of hot-spot temperatures to make 
it less than the range of ambient tempera¬ 
tures. 

For these reasons it is believed that 
the range during the day of hourly tem¬ 
peratures should be ignored in calculating 
equivalent annual ambient temperature 
and only items 1 and 2 considered. 
Furthermore, it was found that the use of 
item 3 affected the calculated value of 
equivalent annual ambient temperature 
by only a small fraction of a degree. 

Calculation of Equivalent Ambient 
Temperature—Direct Method 

Accepting as valid the eight-degree- 
centigrade law formulated by V. M. 
Mont singer, 2 the life of transformer in¬ 
sulation is halved for every eight-degree- 
eentigrade increase in temperature and, 
conversely, is doubled for every eight- 
degree-centigrade decrease. This is ex¬ 
pressed by the equation 


L=Ke~°' 0H6T 

where 


( 1 ) 


L = life of the transformer insulation 
T — temperature in degrees centigrade 
K = constant chosen to give rated life at 
rated temperature 

Conversely, the rate of aging of trans¬ 
former insulation per unit time of opera¬ 
tion may be expressed by the equation 

A=K,e °-*™ T 

where 


( 2 ) 


A —rate of aging or aging units consumed 
per unit time of operation 
T -temperature in degrees centigrade 
Ki = a constant chosen to give rated life at 
rated temperature 

For convenient use with climatological 


Tabic I. Calculation of Equivalent Ambient Temperature for Kansas City/ Mo. 

(Considers Only the Monthly Mean Temperature) 


Monthly Average Temperature 


Month 

Centigrade 

(2) 

Fahrenheit 

(3) 

^ gO.osa&T 

Centigrade 

(4) 

£0.0481 T 

Fahrenheit 

(5) 

Ac ' 

Figure 1 
(6) 

Af 

Figure 2 
(7) 

January. 

. -1.3_ 

_ 29.7 

0 89 

4 17 

9 


February. 

. -0.7_ 

. . . 30.8 

0 94 

4 40 



March. 

. 6.2_ 

.. . 43.2. . 

1 71 

8 00 



April. 

. 12.7_ 

... 54.9.... 

. . . 3.01_ 

... 14.00_ 

... 30 ... 

.... 140 

May. 

. 18.1. . . 

64 6 

4 7« 

22 40 



June. 

. 23.3.. . 

73 9 

7 50 




July. 

. 25.6. . . . 

. . . 78,2_ 

.. . 9.15. . . . 

... 43.00_ 

... 91 ... 

.... 350 

.... 432 

August. 

. 24.9_ 

. . . 76.8. .. . 

.. . 8.60_ 

. . . 40.20_ 

... 86 ... 

.... 405 

September... 

. 20.8.... 

. . . 69.4_ 

.. . 6.06_ 

... 28.20.... 

...00 ... 

.... 285 

October. 

. 14.5. 

... 58.1.... 

.. . 3.51_ 

... 16.30_ 

... 35 ... 

.... 166 

November. 

. 7.0. 

. . . 44.6. . . . 

... 1.83,... 

... 8.55.... 

... 19 

86 

December. 

. 0.7. 

. .. 33.3. . . . 

... 1.06_ 

4.96. 

1 j 








. . . . DU 

Total. 

.151.8. 

.. .657.5. 

.. .49.04_ 

...229.13... . 

...491 ... 

. . . 2,306 

Average. 

. 12.7. 

.. 54.8. 

. . . 4.09_ 

... 19.1 .... 

... 41 ... 

.... 192 

Equivalent temperature 



.. .16.3_ 

... 61.3 . 

... 16.3... 

.... 61.3 


reports on a Fahrenheit basis, equation 2 
may be rewritten as 


A = IC]€° 0 


(3) 


temperature in degrees 


where T — 

Fahrenheit. 

For an example of the use of these 
formulas, only monthly mean tempera¬ 
tures will be used. Account will be 
taken of range of daily mean temperatures 
later. The data for Kansas City, Mo., 
are given on attached Table I. Column 
2 gives monthly mean temperatures. 
Column 4 gives aging units for these tem¬ 
peratures obtained by substituting the 
temperature values in equation 2. Since 
the aging data are to be reconverted to 
temperature data, the constant K x may 
be taken as unity. The average of 
column 4 reconverted to temperature by 
equation 2 gives the equivalent annual 
temperature, that is, the temperature 
giving an average monthly aging that 
would result in the same total aging for 
the year as for the temperature cycle of 
column 2. Calculations with equation 3 
are shown in columns 3 and 5 of attached 
Table I. 

A graphical solution of the same data 
may be obtained by plotting equations 2 
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Figure 2. Effect of tempera¬ 
ture on aging of transf rmer 
insulation 


and 3 as shown in Figures 1 and 2, re¬ 
spectively. Figure 1 is plotted for the 
eight-degree-centigrade rule by doubling 
the aging unit abscissa for each eight- 
degree-centigrade increase in the tempera¬ 
ture ordinate. The curve of Figure 2 is 
plotted in the same manner for 14.4 de¬ 
grees Fahrenheit. As in the mathemati¬ 
cal solution, the value chosen for the 
constant is unimportant. 

Columns 6 and 7 show the use of these 
curves in obtaining the Equivalent am¬ 
bient temperature graphically. It will 
be noted that the use of varying constants 
gives different aging units, but that the 
temperatures check. 

Calculation of Equivalent Ambient 
Temperature—Approximate 
Method 

A survey was made of climatological 
data issued by the United States Weather 
Bureau for 23 cities in the United States 
(see Table II). Equivalent annual am¬ 
bient temperature was calculated by the 
direct graphical method described above 
from normal monthly mean temperatures. 
These data were plotted as divergence 
Ks from the average annual temperature 
as a function of range R during the year 
of monthly mean temperatures. The 
results are shown as the Kg curve on 
Figure 3. 

The effect of range during the month of 
daily mean temperatures was not cal¬ 
culated nationally because of the prodi¬ 
gious quantity of work required. How¬ 
ever, a complete check was made for 
Chicago and had already been made for 
six other cities in a recent paper by Hell- 
mund and McAuley. 8 It was found that 
the true equivalent ambient temperature 
could be approximated by using the 
curve K% of Figure 3 and adding ten de- 
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Figure 3. Divergence K be¬ 
tween equivalent annual am¬ 
bient temperature T e and an¬ 
nual average ambient temp ra- 
ture 7" a as a function of annual 
range R of monthly mean 
temperature 


grees centigrade to the range over the 
year of monthly mean temperatures. 
The curve K's is the K% curve moved up 
ten degrees centigrade so that divergence 
K's between equivalent annual ambient 
temperature and average annual ambient 
temperature may be read directly as a 
function of annual range R. 

This adjustment of ten degrees centi¬ 
grade is no exact value taken from clima¬ 
tological summaries. Reference to Fig¬ 
ure 4, in which the data for the Chicago 
five-year summary are given in curve 
form, will show the daily mean tempera¬ 
ture curve to be very close to the hourly 
temperature curve. This is because the 
recorded daily mean is usually higher 
than the weighted mean, especially in the 
summer. The difference between the 
curve of daily mean temperatures and 
that of monthly mean temperatures is a 
matter of only a few degrees except at the 
end points. Any adjustment must take 
care of both the average difference of a 


few degrees and this end-point difference. 
The ten-degree-centigrade adjustment 
was used because it closely approximates 
calculated data, and because it gives a 
curve that is easily and conveniently used 
with the readily available monthly mean 
data. Thus, if 

1. July average temperature = 25 degrees 
centigrade 

2. January average temperature = —5 de¬ 
grees centigrade 

3. Annual average temperature = 10 de¬ 
grees centigrade 

then annual range 

R = 30 degrees centigrade 
K' 8= 6.5 degrees centigrade 
T e =16.5 degrees centigrade 

For six cities 8 the equivalent ambient 
temperature had already been calculated 
by the direct method from summaries of 
hourly temperatures for the six-year 
period of 1932-37, inclusive. Similar cal¬ 


lable II. Equivalent Annual Ambient Temperature 


City 


Annual 

Average 

Temperature 

(T a ) 

( 2 ) 


Based on Monthly Mean Temperatures 


Annual 

Range 

(R) 

(3) 


Equivalent Divergence 

Annual (Ks) 

Ambient - 

Calculated From 

(T e ) Calculated Figure 3 
(4) (S) (6) 


Based on 
Daily Mean 
Temperatures 
Using K'fi of Figure 3 


(K'b) (T a ) 

(7) (8) 


culations were made for Chicago for the 
period of 1937-41, inclusive. The re¬ 
sults were then compared with the ap¬ 
proximate values of equivalent tempera¬ 
ture from Table II, column 8. A pre¬ 
liminary check-up had shown a difference 
between normal annual mean temperature 
and mean temperatures for the period 
covered by the summaries. It was neces¬ 
sary to adjust the direct calculations for 
this difference. The results are shown 
in Table III. It can be seen that the 
correlation between results by the two 
methods is within the accuracy of the 
problem as a whole. 

The methods described above for ob¬ 
taining equivalent annual ambient for 
air-cooled transformers may be applied to 
water temperature for water-cooled trans¬ 
formers. This is especially applicable 
when the cooling water is obtained from a 
lake or river so that there is a considerable 
annual range in water temperature. For 
Lake Michigan water used in Chicago, 
the averages of the monthly maximum 
temperatures over a 15-year period were 
used to give the annual temperature cycle. 
The equivalent temperature obtained by 
using Figure 1 checked very closely with 
that obtained from use of Ks in Figure 3. 

Application to Transformer Loading 

For constant load over the year or for 
an annual load cycle that has its maxi¬ 
mum in summer, the maximum permis¬ 
sible load for normal life can be based on 
the equivalent annual temperature of the 
cooling medium obtained by the methods 
herein described. This is applicable both 
to water-cooled and to air-cooled trans¬ 
formers. The increase in loading for 
reduction in ambient temperature for 


Bismarck. 

_ 4.7_ 

...35.0.. . 

_ 10 . 0 .. . . 

. . . . 5.3. . . 

5.4 

7 6 

12 3 


St. Paul. 

.... 6 . 8 ... 

.. .33.1. . . 

. . .. 11 . 8 .. . . 

_5.0_ 

.. .5.0_ 

. . ..7.1.... 

. . .13.9 


Duluth. 

.... 3.3. .. . 

. . .31.1_ 

... 7.8. .. . 

. . . .4.5 . . 

4 5 

6 7 

10 o 

in y 

Des Moines. 

. . . . 9.7. . . . 

. . .30.7. .. . 

_ 14.0_ 

_4.3_ 

_4.5.. . 

6 6 

16 3 


Chicago. 

. . . . 9.5. .. . 

. . .27.1_ 

....13.0.. .. 

_3.5_ 

....3.7.... 

_5.8. . . . 

,15.3 

: 

Kansas City. 

_12.7_ 

. . .26.9. .. . 

. . . .16.3_ 

. . .3.6. . . . 

....3.7.... 

. . . .5.8. . . . 

. . .18.5 

LU 

9 20 - 

St. Louis. 

. ...13.3.... 

. . .26.5. . . 

_16.9_ 

. . . .3.6_ 

.. .3.6 . 

. . 5.7 

10 0 

2 

Helena. 

. . .. 6 . 2 .... 

. . .25.3_ 

_ 9.6_ 

_3.0_ 

_3.3. .. 

5 5 

11 7 

o 

Boston. 

_ 9.8_ 

. . .24.3_ 

_ 12 . 8 . . . . 

. . . .3.0 . 

3.1 

5 2 

15 0 

z 

New York. 

_11.3_ 

. . .23.8_ 

_13.9. . . . 

. .. 2.6 

2 9 

5 1 

16 4 

s to- 

Denver. 

. . .. 10 . 0 .... 

. . .23.0. . . . 

....13.0_ 

. . . .3.0_ 

_ 2 . 8 .. . . 

5 0 

1 5 0 

LTi 

UJ 

Santa Fe. 

. . . . 9.3. . . . 

. . . 22 . 2 .. . . 

....11.7.... 

_2.4_ 

. . . .2.7. . . . 

. . . .4.8. . . . 

. !.u!l 

te 

o n 

Memphis. 

. . . .16.4. . . . 

.. . 22 . 1 . . . . 

. . . .19.2_ 

. . . . 2 . 8 . . . . 

....2.7. . . . 

. . . .4.8. . . . 

. . . 21.2 

LU U 

o 

Dallas. 

. . . .18.4.. . . 

. . . 21.6 _ 

_20.7_ 

_2.3_ 

_2.5_ 

. . . .4.7. . . . 

.23.1 


Phoenix. 

. . . , 21 . 1 . . . . 

. . .21.5. . . . 

. . . .23.5_ 

. .. .2.4_ 

_2.5.. . . 

4 6 

.25.7 

UJ 

o: 

Raleigh. 

. . . .15.6. . . . 

. .20.9.... 

_17.9_ 

_2.3_ 

_2.3_ 

. 4 5 

. 20.1 

|-, 0 - 

Galveston. 

_20.9_ 

...16.5.... 

. . . .22.3_ 

. . . . 1.4_ 

_1.4, .. . 

. . . . 3,5 _ 

.24.4 

a: 

UJ 

Portland, Oreg. 

....11.7_ 

. . . 15.2_ 

_12.9_ 

_ 1.2 _ 

_ 1.2 _ 

, . . .3.3 

15.0 


Jacksonville. 

. . . .20.7. . . . 

...14.8. . . . 

_ 21.8 _ 

. ... 1.1 _ 

_ 1 . 1 . .. . 

.3.2.... 

.23.9 

UJ -20- 

Seattle. 

_ 10.6 _ 

. . .13.1_ 

_ 11.1 _ 

. .. .0.5. . , . 

. .. . 1 . 0 . . . . 

. . . . 2 . 8 . 

13.4 

i— 

Los Angeles. 

. . . .16.8. . . . 

... 9.2.... 

. .. .17.3_ 

....0.5.... 

.... 1 . 0 .... 

. . . . 2 . 0 . . . . 

. . .18.8 

0 

Key West. 

_24.9_ 

. . . 7.8.. . . 

. . . .25.2.. . . 

_0.3_ 

_ 1.0 _ 

. . . .1.7 

.26.6 


San Francisco. 

. . . .13.4. . . . 

.. . 6 . 1 .. . . 

....13.4.. . . 

_ 0 _ 

. . . 1.0 _ 

_1.3_ 

14.7 


Average. 

_12.9_ 

. . . 21.6 _ 

_ 15.5_ 

_ 2.6 _ 

_2.7_ 

4 7 

17.6 

Figur 4 
Chicago, 

National mean. 

... . 12.3_ 

. . . 22 . 8 . . . . 

_14.9_ 

_ 2.6 _ 

_ 2.8 _ 

4 9 

17.2 











1. HOURLY TEMPERATURES. 

2. DAILY MEAN TEMPERATURES. 

~3. MONTHLY MEAN TEMPERATURES. 

4. NORMAL MONTHLY MEAN 
TEMPERATURES. 


20 40 60 80 100 

PER CENT OF YEAR (AT OR ABOVE) 

Outdoor ambient temperatures, 
III. (From U. S. Weather Bureau 
data, 1937-41, inclusive) 
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Table III. Equivalent Ambient Temperature— 
Comparison of Direct and Approximate 
Methods 


Equivalent Annual 
Temperature 


City 

Annual 

Average 

Tempera 

ture 

Direct Method 

Approxi¬ 
mate 
Method 
from 
Figure 3 

- Calcu¬ 
lated* 

Corrected 

to 

Normal* 

Bismarck... 

.. 4.7.. 

. .14.7.. 

. . .13.6.. 

. .12.3 

Helena. 

.. 6.2.. 

. .12.9.. 

.. .12.1.. 

..11.7 

Kansas City. 

..12.7. . 

. .20.1.. 

. . .19.2.. 

. .18.5 

Denver. 

..10.0.. 

. .16.2.. 

. . .15.0. . . 

..15.1 

Dallas. 

..18.4.. 

..22.0.. 

.. .21.6.. . 

. .23.1 

Santa Fe... . 

.. 9.3.. 

. .14.0. . 

...13.4... 

. .14.1 

Chicago. 

.. 9.5.. 

. .15.2. . 

...14.3... 

. .15.3 

Average. 

..10.1.. 

. .16.4.. 

. ..15.6... 

. .15.7 


All temperatures are in degrees centigrade. 

* Calculations are based on six- and five-year sum¬ 
maries. Correction is made for difference in mean 
temperature between summary period and normal. 

self-cooled transformers according to 
American Standard C-57 is one per cent 
for each degree that the temperature is 
below 30 degrees centigrade. For the 
temperature data given above, the equiva¬ 
lent annual ambient was 16.5 degrees 
centigrade, or 13.5 degrees below the 
standard ambient temperature. There¬ 
fore, the permissible constant load 
throughout the year would be 113.5 per 


cent of rated load, with normal life ex¬ 
pectancy. However, if the average 
monthly temperature were used as the 
basis of increased loading, the July aver¬ 
age ambient temperature of 25 degrees 
centigrade would limit the permissible 
overload to 105 per cent. 

For other types of loading, the pro¬ 
cedures herein described would not be 
directly applicable without adaptation 
to each specific loading condition. 9 For 
example, for a constant load occurring 
only a few hours each day, it would be 
feasible to consider the mean ambient 
temperatures for those hours rather than 
for the entire day. When winter and 
summer loads are not the same, it would 
be feasible to calculate an annual aging 
curve based on a combined load and tem¬ 
perature cycle in order to fix the maxi¬ 
mum level of the annual load curve as a 
whole. 

Conclusion 

The approximate method herein de¬ 
scribed may be used to obtain equivalent 
annual temperature from readily avail¬ 
able climatological data. For loading 
on an annual basis the maximum per¬ 
missible load for normal life can be 


based on the equivalent ambient tem¬ 
perature. 
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Interim Report on Application and 
Operation of Circuit Breakers and 
Switchgear 

AIEE COMMITTEE ON PROTECTIVE DEVICES 

Subcommittee on Circuit Breakers, Switches, and Fuses 


T HE present war emergency makes it 
necessary that maximum use be made 
of existing equipment and that a mini¬ 
mum amount of critical materials be 
used for new equipment. The following 
guides have been prepared as an aid to 
those involved in the application and 
operation of circuit breakers and switch- 
gear. 

This report is intended to cover equip¬ 
ment of the following types: 

1. A-c power circuit breakers above 600 
volts, both indoor and outdoor. 

2. Air disconnecting switches. 

3. Switchgear assemblies. 

Basis of Design of Apparatus 

The name-plate rating of apparatus 
does not necessarily indicate the load 
which can be carried safely under all 
conditions. It specifies the load which 
may be carried without exceeding the 
specified temperature rise. However, 
it is the total temperature and the dura¬ 
tion of such temperature which deter¬ 
mine the life of apparatus. Obviously 
the total temperature depends not only 
on the loading but on the ambient tem¬ 
perature as well. 

The present standards for circuit 
breakers and switchgear provide that 
the temperature rise of the contacts shall 
not exceed 30 degrees centigrade at rated 
load and that the apparatus shall be suit¬ 
able for continuous operation at rated 
load, provided the ambient temperature 
does not exceed 40 degrees centigrade 
for apparatus with plain copper contacts 
or 55 degrees centigrade if the contacts 


Paper 43-69, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
North Eastern District technical meeting, Pitts¬ 
field, Mass., April 8-9, 1943. Manuscript sub¬ 
mitted March 1, 1943; made available for printing 
March 8, 1943. 

Personnel of subcommittee on circuit breakers, 
switches, and fuses: R. T. Henry, chairman; A. E. 
Anderson, H. D. Braley, O. E. Charlton, F. W. 
Cramer, W. Deans, W. S. Edsall, F. R. Ford, H. 
W. Haberl, H. J. Lingal, L. R. Ludwig, J. B. 
MacNeill, H. H. Marsh, Jr., J. R. North, H. V. 
Nye, M. S. Oldacre, H. H. Rudd, R. M. Smith, 
H. P. St. Clair, H. E. Strang, H. R. Summerhayes, 
J. D. Wood. 


and other connections are silver or equiv¬ 
alent. This means that the total tem¬ 
peratures should not exceed 70 degrees 
centigrade for plain copper or 85 degrees 
centigrade for silver contacts. 

It should be noted that the tempera¬ 
ture rise of contacts may increase as a 
result of oxidation of the contact surface, 
and, therefore, the standards are based 
on sufficient maintenance to keep the 
temperature rise within specified limits. 

Effect of Ambient Temperature 

It is apparent that, if the ambient 
temperature is higher than these values, 
the loading must be less than the name¬ 
plate rating to avoid exceeding the per¬ 
missible total temperature. It is also 
apparent that if the ambient tempera¬ 
ture is lower than these values, the loading 
may be greater than the name-plate rat¬ 
ing. The loading should be reduced 
approximately two per cent for each 
degree that the ambient temperature is 
above these values, and in some cases it 
may be increased as much as one per 
cent for each degree that the ambient 
temperature is below the values specified 
in the standards. See Figure 1 for rela¬ 
tion between loading and ambient tem¬ 
perature for apparatus with silver con¬ 
tacts. These factors should not be used 
to increase the loading more than 30 
per cent without special consideration. 

The foregoing recommendations may 
be applied for average conditions, but 
they do not represent necessarily the 
maximum in all cases. This is due to the 



15 20 30 40 50 60 65 

AMBIENT TEMPERATURE—DEGREES CENTIGRADE 


Figure 1. Relation between loading and 
ambient temperature 


variations in thermal characteristics of 
different designs and sizes of switching 
equipment and variations in types of 
installation. Therefore, to determine the 
maximum carrying capacity of individual 
installations, studies or tests should be 
made to establish the proper relation 
between loading and ambient tempera¬ 
ture. This is particularly true in the case 
of heavy current installations. 

Artificial Cooling 

Artificial cooling may be used to in¬ 
crease the permissible loading in some 
installations. This may take the form 
of forced ventilation of the room in which 
the apparatus is located, or it may in¬ 
volve forced ventilation through the 
equipment itself. For oil-filled equip¬ 
ment there may be some possibility of 
artificial circulation of the oil to assist in 
the transfer of heat and thus increase 
the permissible loading. Extreme care 
must be used in any application of forced 
cooling to be sure that there are no parts 
of the equipment which do not benefit 
by the forced cooling and might reach 
excessive temperatures. It should be 
recognized that forced ventilation may 
tend to increase the danger of fire spread¬ 
ing to other parts of the installation. 

Emergency Loading 

Under emergency conditions the per¬ 
missible loading may be higher than under 
normal conditions, particularly if the 
duration is not too long and if the condi¬ 
tion does not recur frequently. It is im¬ 
practicable to assign specific values for 
all types of switchgear. The character¬ 
istics of the specific apparatus involved 
should be thoroughly investigated in 
connection with the determination of 
limitations of emergency loading. Also, 
the heating effect of external connections 
should be considered. Operation at 
higher temperatures may require addi¬ 
tional maintenance. 

Modification of Existing Equipment 

The permissible loading of existing 
circuit breakers and switching equipment 
may be increased in many cases, particu¬ 
larly the older types of equipment with 
plain copper contacts, by silver plating 
the contacts and connections. Means 
are available for silver plating with a 
special form of brush. In many cases 
this can be done without removing the 
parts or even disturbing the adjustment 
of circuit breakers and switches. If the 
loading is increased by resorting to such 
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treatment, care must be used to insure 
against excessive temperatures in other 
parts of the apparatus. Various papers 6 - 7 ’ 8 
indicate some of the possibilities along 
this line. 

The interrupting capacity of existing 
circuit breakers can be increased in many 
cases by the installation of new contact 
systems involving oil blast, deion grids, 
ruptors, and so forth, together with 
other parts as necessary, depending upon 
the type of breaker and its manufacturer. 

Current transformers should be care¬ 
fully considered to determine their actual 
carrying capacity. Many current trans¬ 
formers are capable of carrying more than 
their rated load continuously, and most 
of them can carry short-time emergency 
loads higher than their rating. “The 
Interim Report on Transformers” 6 gives 
useful information in this connection. 
Studies or tests should be made to deter¬ 
mine the maximum carrying capacity 
of individual installations. 

Fuses generally do not have excess 
current-carrying capacity corresponding 
to most other devices in that they are 
fundamentally a thermal overload pro¬ 
tective device and accordingly cannot be 
given overload ratings. In the applica¬ 
tion of fuses where selective operation is 
involved, consideration should be given 
to the effect of ambient temperature on 
the characteristics of the fuses. 

Simplification of New Installations 

In selecting equipment for new in¬ 
stallations every effort should be made to 
use the minimum amount of critical 
materials. Probably the greatest saving 
can be made by choosing a simple scheme 
of connections using the minimum a- 
mount of equipment consistent with the 
requirements. Duplication of busses and 
switching equipment may be avoided in 
many cases, at least for the duration of 
the present emergency. The margin 
between the rating of apparatus and 
the actual load may be less than might 
be considered satisfactory under normal 
conditions. 

Where additions are to be made to 
existing installations of two-bus design, 
it may be feasible to connect the new 
circuits to only one of the busses, at 
least during the emergency. Equip- 
ment for such additions may even be 
obtained by removing some of the existing 
connections to one of the busses. 

The short-circuit current may be kept 
low in many cases by sectionalizing or 
other means to permit the use of smaller 
circuit breakers or existing circuit 
breakers which might not be satisfactory 
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under normal conditions after the emer¬ 
gency is over. 

A large circuit breaker of adequate in¬ 
terrupting capacity may be used in some 
cases as a backup for a group of smaller 
circuit breakers, with the protective relay 
system designed to permit automatic 
operation of the individual small breakers 
on faults within their interrupting capac¬ 
ity but locking out and transferring the 
operation to the large circuit breaker on 
faults exceeding the interrupting capac¬ 
ity of the small circuit breakers. In 
such cases the momentary rating of the 
small circuit breakers should be carefully 
considered. 

In some cases it may be possible to 
open one or more of the supply circuits 
in order to reduce the interrupting duty 
to a value which the otherwise inadequate 
circuit breakers are capable of inter¬ 
rupting. 

In transformer substations with a single 
transformer bank it may be permissible 
to omit the circuit breaker on either the 
high-voltage or the low-voltage side. 

In laying out new switching structures 
the cross section of the busses may be 
reduced for part of their length by group¬ 
ing the heavier circuits close to each 
other and placing the lighter circuits to¬ 
ward the ends of the bus in some cases. 

It may be possible in other cases to 
locate the main incoming circuit near the 
center of the bus to permit tapering the 
bus toward the ends. 

In outdoor structures it may be possible 
to use galvanized iron pipe for conductors 
instead of copper tubing or to substitute 
other forms of steel for copper conductors 
in many cases. 

In the cases of busses designed to carry 
heavy current, appreciable amounts of 
material may be saved by proper consid¬ 
eration of the configuration of the ma¬ 
terial used. When flat bars are used, the 
heat dissipating qualities will be con¬ 
siderably improved if the bars are placed 
on edge rather than flat in order to im¬ 
prove the ventilation. When multiple 
flat bars are used, consideration should 
be given to the proper spacing to im¬ 
prove the division of current between the 
individual bars. In some cases tubular 
or hollow, square sections or assemblies 
built up of two angles to form a square 
provide efficient use of the materials. 

In some cases the carrying capacity of 
bus bars may be increased approximately 
10 per cent by painting the bars with a 
dull black paint which is more favorable 
to the emission of heat than a bright 
surface. Various papers and publica¬ 
tions 1 - 2 - 3 - 4 cover the design of busses 
for heavy current. 
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Tinning or silver plating all contacts 
will permit satisfactory operation at 
higher temperatures than would be the 
case with plain copper contacts. 

Where multiple cables are employed 
in high-capacity circuits, careful atten¬ 
tion should be given to the physical ar¬ 
rangement in order to divide the current 
evenly between the various cables. It 
should be noted that the configuration 
of multiple cables in a flat spacing may 
result in the outer cables carrying more 
than their share and the inner ones carry¬ 
ing less than their share of the total cur¬ 
rent. In some cases this condition can be 
greatly improved by the installation of 
small “doughnut type” reactors around 
the cables which tend to carry the most 
current. 

Wood structures may be used instead 
of steel. These may be permanent struc¬ 
tures in some cases and even greater 
savings may sometimes be made by using 
temporary wood structures with a bare 
minimum of equipment which might not 
be considered satisfactory for normal 
conditions after the present emergency 
is over. Obviously simple temporary 
structures should be used where there is a 
reasonable possibility that the use may be 
limited to the duration of the emergency. 

In the interior wiring of new plants 
the more general use of higher distribu¬ 
tion voltages may result in appreciable 
savings of critical materials. Considera¬ 
tion should be given to using 600 volts 
instead of 480, and 480 volts instead of 
240. 

Reactive current is a very impor¬ 
tant consideration both in indus¬ 
trial plants and in utility systems. Ap¬ 
preciable savings may be made in many 
cases if the reactive current is supplied 
at the load rather than from the utility 
system. Supplying the reactive current 
at the load results in less voltage drop, 
less energy loss, and releases system capac¬ 
ity which may be needed to carry other 
useful load. In many cases the reactive 
current can be supplied at the load by 
using synchronous motors, synchronous 
condensers, or capacitors. 

Capacitors may be used to make ap¬ 
preciable savings of critical materials, 
particularly if they are scattered and con¬ 
nected as near as possible to the various 
loads. In fact, capacitors connected 
directly to the leads of each motor should 
be considered, at least for all but the 
very small motors. Considerable savings 
may often be made in the plant wiring 
in this way. It may be desirable or neces¬ 
sary in some cases to make provision 
for disconnecting the capacitors during 
light load periods. 

Electrical Engineering 



New Developments in Potential- 
Transformer Design 


G. CAM1LLI 

MEMBER AIEE 


Synopsis: This paper describes certain de¬ 
sign ideas applied to potential transformers 
to accomplish substantial reductions in 
volume and weight, with improved reli¬ 
ability and with better accuracy than the 
best requirements of the American Stand¬ 
ards. The size of these units is such that 
they appear mostly as bushings. 

Perhaps the most striking feature of con¬ 
struction is the arrangement and the insula¬ 
tion of the high-voltage winding. Liquid- 
impregnated porous paper has been substi¬ 
tuted for the combination liquid and solid 
used in the conventional designs. Another 
notable improvement incorporated in these 
transformers is the elimination of all gas¬ 
kets. The amount of liquid insulation re¬ 
quired is extremely small, and therefore 
premium insulating liquids (such as the 
Askarels) can be used without much addi¬ 
tional expense. 

I N the past, the design of liquid-filled 
potential transformers, perhaps with 
the exception of the cascade connected 
units 1 has followed very closely that of 
power transformers. Thus, until very 
recently, a 69-lcv potential transformer 
was designed and built essentially accord¬ 
ing to the same principles and practices 
as followed in the design of a 69-kv small 
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distribution transformer, with the result 
that the units were bulky, and their size 
and weight were out of proportion with 
their operating duties. A comparison of 
the new with the old is given in Table I 
in which it will be seen that the new units 
are a little over 40 per cent of the weight 
of the older ones. 

Principles of Design 

High-Voltage Winding 

The high-voltage winding of the new 
potential transformers is the concentric 
layer-wound type, shown in Figure 1 for 
a transformer for connection between line 
and ground. 

This type of construction consists of a 
plurality of layers of winding and shields 
so disposed as to give uniform voltage 
distribution. The innermost layer ad¬ 
jacent to the low-voltage winding starts 
from the neutral and the successive layers 
are connected in series progressively, the 
outermost layer being connected to the 
line. This winding is placed between two 
cylindrical shields; one is connected to the 
innermost layer and eventually to ground, 
while the other shield surrounds the last 
(outermost) layer and is connected to the 
line. 

With this arrangement properly pro¬ 
portioned, the relative position of each 
part of the winding in the electrostatic 
field between the two shields will not de¬ 
viate greatly from its actual low-frequency 


position. Thus, when an impulse voltage 
is imposed on the line end, it will be sub¬ 
stantially uniformly distributed through¬ 
out the winding, regardless of the steep¬ 
ness of the oscillation of the applied 
wave. It is obvious, therefore, that the 
insulation between the shields and the 
adjacent layer and between successive 
layers is only that required to withstand 
the voltage developed within the indi¬ 
vidual layers. 

Scheme of Design for Cascade 

Connection 

One practical scheme of reducing the 
size and weight of those transformers 
which are normally used for operation be¬ 
tween line and neutral of a solidly 
grounded system is by means of the so- 
called cascade connected units. 1 In this 
design the insulation can be distributed 
to the best advantage. 

Figure 2 shows the multilayer type of 
winding construction as is ordinarily used 
in a cascade potential transformer. 

The deciding factors between the single- 
stage and cascade potential transformers 
are the economy and accuracy. 

In general, the accuracy of the cascade 
potential transformer is not as great as 
that of the single-stage type. For volt¬ 
ages higher than 115 kv, it appears that 
the cascade type is somewhat more eco¬ 
nomical than the single-stage. 

Scheme of Design for Isolated 
Operation 

Figures 3 and 4 show the multilayer 
type of construction which could be used 
for a fully insulated transformer for con¬ 
nection from line to line of an isolated 
system. 

In Figure 3 only one high-voltage coil 
section is used. This type of construc¬ 
tion may be applied only to relatively low 
voltages because of difficulty which is 


Conclusions and Cautions 

From the foregoing it is apparent that 
the loading on existing equipment may 
be increased in many cases and that new 
equipment may be selected with a view 
to using a minimum of critical material 
during the present war emergency. 
Other suggestions and more details may 
be found in the papers and publications 
listed at the end of this report. 

It must be recognized that the loading 
on equipment should not be increased 
without a thorough study of the limita¬ 
tions of the apparatus involved and of 
associated equipment such as cables, 


terminals, current transformers, soldered 
connections, and so forth. It must also 
be recognized that increasing the loading 
on equipment is almost certain to require 
more maintenance and may shorten the 
life of some apparatus, but it is un¬ 
doubtedly true that appreciable savings 
of critical materials can be made 1 without 
sacrificing life unduly and without re¬ 
quiring excessive maintenance. 

References 

1. Current-Carrying Capacity op Bus Bars, 
H. W. Papst, Electrical World, volume 94, 
September 21, 1929, page 569. 

2. Technical publication GEA-888. General Elec¬ 
tric Company, May 1928, page 30. 


3. Recommended Ratings for Bus Bars, 
National Electrical Manufacturers Association, 
Electrical World , volume 81, January 6, 1923, page 
48. 

4. Carrying Capacity of 60-Cycle Busses for 
Heavy Current, Titus G. LeClair. AIEE Trans¬ 
actions, volume 45, 1926, page 203. 

5. Interim Report on Guides for Overload¬ 
ing Transformers and Voltage Regulators. 
AIEE committee on electrical machinery. AIEE 
Transactions, volume 61, 1942, September sec¬ 
tion, page 692-4. 

6. Designs of Current-Carrying Contacts in 
Modern Switchgear, R. Paxton, H. E. Strang. 
General Electric Review, December 1933. 

7. Hydro Maintenance, C. P. Rhine. Electrical 
West, October 1939. 

8 . Notes on Emergency Ratings, A. H. Kidder. 
AIEE Transactions, volume 58, 1939, November, 
section, Appendix A, page 606. 


July 1943, Volume 62 


Camilli — Potential-Transformer Design 


Transactions 483 



H.V. LEAL 



i? = 0.13 watt 


Figure 1. Transformer for operation between 
line and grounded neutral 

encountered in bringing out the high- 
voltage terminal at the beginning of the 
high-voltage winding. 

For this reason, the scheme shown in 
Figure 4 is preferred. In this case, the 
high-voltage winding is divided in two 
equal sections which are connected to¬ 
gether at starting ends of the windings. 
Each section is of the concentric multi¬ 
layer type similar in all respects to the ar¬ 
rangement shown in Figure 3, except that 
the spacing between the inner shield and 
the low-voltage winding is, of course, de¬ 
signed to withstand a test voltage equiva¬ 
lent to the full line-to-line voltage. 

Novel Method of Insulating the 
High-Voltage Winding 

The new method of insulating the high- 
voltage winding is shown, schematically 
in 6. To make the matter more 

clear, let us compare the new with the 
old. . In potential transformers of the con¬ 
ventional type, the distance between the 
high-voltage and low-voltage winding of, 
sa\, a 138-kv line-to-line connected po¬ 
tential transformer has been essentiallv 
the same as the distance between the high- 
voltage and low-voltage windings of a 
power transformer of the same voltage 
rating. Furthermore, in a power trans¬ 
former this insulating distance in general 
consists of one or more liquid ducts inter¬ 
leaved with solid insulating barriers. This 
same ty pe of insulation (liquid ducts plus 
solid barriers) is used between the high 
voltage and the core. In a power trans- 
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former the liquid ducts have a useful 
function, the cooling of windings. Such 
duty is not required in a measuring trans¬ 
former, because the losses, under ordinary 
conditions, are negligibly small. A simple 
calculation of PR loss in the high-voltage, 
or primary, winding of a 138-kv potential 
transformer may be of interest to those 
not familiar with the problem. Let us 
assume that the resistance of such winding 
is 10,000 ohms. The copper loss at 500 
volt-amperes (which is the normal rating 
of a potential transformer) is then 

f Output volt-amperes ~ 

LPrimary winding volts_ 

which is a very negligible quantity. It is 
apparent then that the cooling of the high- 
voltage winding is of secondary impor¬ 
tance, and it is, therefore, not necessary 
to have any liquid ducts. It is well recog¬ 
nized that, in an insulating structure com¬ 
prising oil operating in series with solid 
insulation, the dielectric stress is inversely 
proportional to their dielectric constants, 
and ordinarily the solid insulation is not 
effectively utilized. 

In the new design, the complete insu¬ 
lating structure consists of solid insulation 
which is impregnated with an insulating 
liquid. This combination may be con- 




W//////////////A 

Figure 3. Transformer for operation between 
lines 


Fisure 2. Transformer for operation between 
line and grounded neutral (cascade type) 
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sidered a uniform insulating mass having a 
dielectric constant intermediate between 
that of the liquid and solid insulation, and 
its dielectric strength approaches the im¬ 
pregnated paper of an oil-filled cable. 

Referring now to Figures 4 and 5, the 
insulation between layers is easily pro¬ 
vided for. This may consist of several 
sheets of paper having folded edges with 
the layers located between the folds. 
Such a construction leads to a coil having 
a small radial thickness. The shield and 
successive layers give a very good distri¬ 
bution of voltage stress so that the insu¬ 
lation between layers is well proportioned 
to the stress. This type of construction 
would be very desirable if the dielectric 
stresses at the ends were not distributed 
between the liquid and solid insulation. 
As has been discussed previously, this 
condition gives rise to inefficient use of 
insulation. 

Referring to Figure 5, one method of 
insulating the ends of the layer of the coil 
would be by the use of very wide folds in 
the layer insulation and by the use of 
stepped pressboard barriers as shown. 
Such an arrangement, however, is not very 
efficient since the path A from the shield 
to ground is, in effect, outside the uniform 
voltage distribution dictated by the high- 
voltage winding and therefore to avoid 
creepage failures must be made unneces- 
sarily long. 

The good advantages of the cylindrical 
layer-wound coil, therefore, would be lost 
unless some more efficient method is found 
to insulate the ends of the winding. The 

Electrical Engineering 





scheme shown in Figure 6 seems to offer 
a good solution to this problem. In this 
method, the layer insulation consists of 
paper with folded edges and additional 
layers of paper. The width of the latter 
is much longer than the width of the wind¬ 
ing layer. After the coil is wound, the 
extensions of the paper are folded over the 
shield as shown in the illustration. It will 
be noted that such a method of insulation 
not only solves the problem of insulating 
the ends of the coil, but automatically 
provides the necessary solid insulation 
between the line shield and the core 
(ground) (path B of Figure 5). 


In using the method of insulating shown 
in Figure 6, the coil design is so arranged 
that the insulation at the ends of the wind¬ 
ing cuts the electrostatic line of force at 
right angles and at approximately equi- 
potential steps, thereby realizing all the 
benefits of cascading the voltage. The 
application of this type of insulation to 
transformers with both bushings isolated 
is shown in Figure 7. The high-voltage 
coil is divided in two sections A and B. 
Each coil is insulated in the same manner 
as illustrated in Figure 6; pressboard bar¬ 
riers are placed between the two sections, 
and the entire coil assemblv is covered 



Figure 5. Method 
of insulating the 
high-voltage wind¬ 
ing (f r grounded 
neutral transformer) 


with layers of paper. Thus, oil ducts of 
previous designs are completely replaced 
by solid insulating material, and, in a 
manner similar to the current trans¬ 
formers described in another paper, 2 the 
entire electrostatic field contains liquid- 
impregnated porous paper of uniform 
permittivity. 

Such a method of insulation with closely 
wound and insulated coils has, of course, 
required the development of a new treat¬ 
ment and impregnating process. 

By carefully controlled materials and 
methods, a very flat power-factor tem¬ 
perature curve is obtained, and any 
danger of thermal instability is eliminated. 

Impulse Characteristics of the 

High-Voltage Coil Shown in 

Figure 7 

Experimental data and theoretical 
study (see Appendix) have shown that 
when this type of high-voltage winding is 
subjected to impulse voltages with 
vertical front waves under the worst con¬ 
ditions, approximately 75 per cent of the 
total voltage appears across one section. 
Contrary to the behavior of the winding of 
conventional design, this voltage is ap- 



Figure 6. Improved method of insulating the 
high-voltage winding (for grounded neutral 
transformer) 


proximately uniformly distributed among 
successive winding layers, and therefore 
at no point within the high-voltage wind¬ 
ing is it necessary to provide insulation 
to withstand more than the proper share 
of the voltage appearing across half the 
winding. 

Magnetic Circuit 

Some of the benefits of such an effi¬ 
cient coil construction would be lost with¬ 
out a companion magnetic circuit of 
equal efficiency. The wound-core type of 
construction, 3 so successfully used in dis¬ 
tribution transformers, has been adopted 
in the new type of potential transformers. 
The magnetic circuit is formed from mag¬ 
netic strip material, spirally wound flat¬ 
wise. The core closely embraces the 


July 1943, Volume 62 - 


Camilli — Potential- Transformer Design 


Transactions 485 


















Figure 7. Improved method of insulating the 
high-voltage winding (transformer for operation 
between lines) 

high- and low-voltage coils so that the 
coil structure substantially fills the win¬ 
dow of the core, providing a high space 
factor which reduces its volume and 
weight. 

Bushing Design 

In the conventional type of high-volt¬ 
age potential transformers (Figure 8a) 
which are provided with liquid-filled 
bushings, there is not connection between 
the liquid in the terminals and that in the 
tank. To provide for the expansion of 
the main liquid, it is necessary to leave 



an air space under the cover. This ah 
chamber is responsible for the long grounc 
sleeve of the bushings since the ends oi 
these sleeves must always be under oil. 
Such transformers are necessarily tall and 
bulky. 

If the joint between the tank and the 
cover is made liquid tight, it is possible to 
suppress the lower portion of the bushings. 
Evidently, the expansion chamber of 
Figure 8a, in the latter case, may be 
transferred to the top of the bushings. 
The size of the latter expansion chamber, 
of course, would be too large if applied to 
a transformer of the conventional type 
containing a large amount of liquid. In 
the new transformers, the amount of 
liquid is only a small fraction of that used 
in the conventional design, and therefore 
it has been found practical to enlarge the 
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Figure 9. Cross section of the new potential 
transformer 


(a) . High - voltage 
clamp-type terminal 

(b) . Name plate 

(c) . Seal 

(d) . Porcelain bush¬ 

ing 

(e) . High - voltage 

lead 

(0. Liquid level 

(g) . Insulating tube 

(h) . Cushion 
CD- Mechanical 

clamping ring 

(j) . Insulating collar 

(k) . Seal 

(l) . Insulating shield 

(m) . Welded joint 


(n) . Lifting hole 

(o) . High-voltage 

coil 

(p) . Low - voltage 

coil 

(q) . Core 

(r) . Tank 

(s) . Core clamp 
(t.) Low - voltage 

terminals 

(u) . Ground ter¬ 

minal 

(v) . Low - voltage 
outlet; remove pipe 
plug for one-inch 

conduit 


top of the porcelain and to use it for the 
expansion of the liquid. Such a construc¬ 
tion is illustrated in Figure 9. In the new 
design the terminals are made an integral 
part of the high-voltage coils and are ex¬ 
tended inside the porcelain shells. 

Gasketless Construction 

Another notable improvement incor¬ 
porated in the new design potential trans¬ 
formers is the elimination of all gaskets. 
The cover and the tank are welded to¬ 
gether, and the high-voltage porcelain 
bushings are sealed to the cover. Simi¬ 
larly, the low-voltage glass bushings 4 
shown in Figure 10 are welded to the 
rank. The cross section of one of the high- 
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Figure 11. Equiva¬ 
lent circuit of trans- 
** former shown in Fig- 

^ ure 4 subjected to 

impulse voltages 


voltage bushings is shown in Figure 9. It 
should be noted that the functions of the 
mechanical clamping and the sealing of 
the bushing are independent from each 
other, thus relieving the seal of any 
mechanical stresses. 

Use of Nonestflammable Liquids 

In view of the fact that the amount of 
insulating liquid required in this design is 
about one sixth to one eighth of the old 
(see Table I), these units can be insulated 
with noninflammable premium insulating 
liquids with very little extra expense. 


Maximum Ratings of the New 

Transformers 

The temperature rise of the new trans¬ 
formers is negligible when the units are 
operated at their normal rating of 500 
volt-amperes secondary burden. The 
maximum rating, on the basis of 55 de¬ 
grees centigrade with 30 degrees centi¬ 
grade ambient is given in Table II. 

Conclusion 

Recent progress in potential trans¬ 
former design has been primarily due to 


the development of a novel method of 
constructing and insulating the high- 
voltage winding. This novel winding also 
can be used advantageously with the 
wound-core construction and can be her¬ 
metically sealed without gaskets. 

The new transformers are compact and 
light with accuracy equal to that of pre¬ 
vious design. The compactness of these 
transformers permits the use of premium 
non-inflammable insulating liquids at 
little extra cost. The new transformers 
require little or no inspection and can be 
mounted in the bus structure near the 
high-voltage lines. 

Appendix 

The equivalent circuit of the coils shown 
in Figure 4 , under Impulse Voltages, may be 
represented as shown in Figure 11 a. There 
are two conditions to be examined: 

(a). Impulse wave reaching one line while the other 
end is grounded. 

(&). Impulse wave reaching simultaneously from 
both lines. 

1 . Impulse incoming from one line with 
the other end grounded. Referring to Fig¬ 
ure lib we have: 

6i C2+C3 1 

02 C\ 

——" 7 T =/>1 = fraction of the total 
01+62 2C1+C3 

voltage appearing across C\ ( 1 ) 

If we assume (as is usually the case) that 
C3 — 2 Ci then from equation 1 £1 = 0.75 

2 . Impulse incoming simultaneously from 
both lines. Referring to Figure 11 c we 
have: 

Ci+c Li 2 — 9 * —_( 2 ) 

C3 0i 2C1+C3 01 + 62 

If we assume Ca = 2 C\, then £ 1 = 0.5 
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A New Control System for Automatic 
Parallel Operation of Load-Ratio-Control 


desired number of units, and yet retains 
full freedom for independent, nonparallel 
operation when required. 

Operating Requirements 


Transformers 

S. MINNECI S. B. FARNHAM 

ASSOCIATE AIEE MEMBER AIEE 


Synopsis: The successful parallel operation 
of transformers equipped with automatic 
load-ratio control and line-drop compensa¬ 
tion requires that stability of operation be 
insured. In addition, experience has shown 
that it is frequently highly desirable that 
other automatic features be included which 
will contribute toward operating flexibility, 
and which will permit switching trans¬ 
formers in and out of parallel operation 
without disturbing the voltage level at the 
load center or causing an excessive initial 
circulating current at the instant of parallel¬ 
ing. 

This paper discusses the conditions which 
make these added features desirable, and 
presents a new control system whereby they 
all may readily be secured. In this new 
system, load current and circulating current 
are made to flow in separate paths in the 
control circuit, and each produce their ef¬ 
fects independently, thereby insuring stable 
operation and maintaining the desired load- 
center voltage level. This separation of the 
load and circulating current, in conjunction 
with a modification in the closing circuit of 
the paralleling circuit breaker, also makes 
possible the avoidance of excessive initial 
circulating current when the breaker is 
closed. The simplicity and effectiveness of 
this arrangement in providing a fully auto¬ 
matic means for meeting all the anticipated 
operating requirements recommends its use 
in many applications. 


TH^ economic trend in distribution- 
■ system arrangement toward locating 
individual substations at or near the cen¬ 
ter of each load area, plus increased atten¬ 
tion to improved voltage regulation re¬ 
sults in a growing number of relatively 
small substations. 1,2 * 3 These are fre¬ 
quently from 1,000 to 5,000 kva in size 
and are provided with means for auto¬ 
matically regulating the bus voltage. 
They are increasingly of the unit-sub¬ 
station type, in which the functions of 
three-phase voltage transformation, au¬ 
tomatic voltage regulation, switching, 
metering, and protection are included in 
a co-ordinated and factory-assembled 
umt. 4 ' 5 '6 i n such substations the volt¬ 
age regulation is normally provided by 
transformers having built-in load-ratio- 
control mechanisms, capable of changing 
taps under load, and equipped with line- 
drop compensators for maintaining the 


desired voltage at the load center. Their 
load-ratio-control equipments are fre¬ 
quently called upon to operate in parallel 
with one another and with those of other 
substations having similar voltage-regu¬ 
lating equipment. 

Parallel operation may be required 
where the load-ratio-control transformers 
are located some distance apart, and are 
joined together by interconnecting cir¬ 
cuits of sufficient length to introduce a 
substantial amount of impedance between 
them; or they may be located immedi¬ 
ately adjacent to one another and con¬ 
nected by circuits of very short length 
and low impedance. The former condi¬ 
tion is typical of utility network distribu¬ 
tion systems. The problems involved in 
securing successful parallel operation of 
the automatic voltage-regulating equip¬ 
ments in such network systems are well 
understood, and adequate means are 
available for solving them. 7 

A generally applicable and fully auto¬ 
matic control scheme for providing all of 
the features that are desirable in arrange¬ 
ments of the second type—wherein the 
units are physically and electrically 
close together—has, however, not here¬ 
tofore been available. Typical of this 
class of application are those cases where 
rapidly growing local loads have necessi¬ 
tated the paralleling of load-ratio-con¬ 
trol transformers in the same substation, 
or where two or more unit substations 
are installed side by side and intercon¬ 
nected by circuits of only a few feet in 
length. A similar condition exists in the 
case of all double-ended unit substations, 
in which two load-ratio-control trans¬ 
formers are made integral with a common 
switchgear section, and thereby connect 
directly to the same load bus. 

The new control system presented here 
is particularly adapted to applications of 
this type, but the advantages which it 
offers may also be realized where the sub¬ 
stations or load-ratio-control transform¬ 
ers are some distance apart, provided only 
that the distance is not beyond the feas¬ 
ible length of interconnecting control cir¬ 
cuits. It permits the paralleling of any 


When two or more automatic load- 
ratio-control transformers with line-drop 
compensation are operated in parallel, the 
primary requirement of their automatic- 
control equipment is that it insure sta¬ 
bility of operation. 8 Stability can be 
achieved automatically either by electri¬ 
cal or mechanical interconnections which 
cause all of the load-ratio-control mecha¬ 
nisms to remain in step with one an¬ 
other under the control of a single set of 
automatic equipment, or by a control 
arrangement in which any circulating 
current that does arise is made to react 
on the automatic-control equipment in 
each unit in such a way as to be self-re¬ 
ducing. 9 This latter method is usually to 
be preferred inasmuch as it offers greater 
operating flexibility and also corrects 
automatically for circulating current 
that might be caused by differences in 
the supply voltage to the various trans¬ 
formers. 

In addition to the basic requirement of 
stability, experience has shown that it is 
usually very desirable to incorporate 
other features in the automatic control 
equipment, if complete and successful 
automatic performance is to be expected 
under all normally encountered operating 
conditions, particularly where the sub¬ 
stations are unattended. 


Maintenance of Correct Load-Cen¬ 
ter Voltage as Number of Trans¬ 
formers in Service Is Varied 

It is the function of the line-drop com¬ 
pensators to indicate to the automatic 
regulating equipments the amount by 
which the bus voltage must be altered in 
order to maintain the load-center voltage 
at the desired level. This requires that 
the compensators receive a true indica¬ 
tion of the magnitude of the load current. 
When the number of paralleled trans¬ 
formers is varied, as for example by re¬ 
moving one or more from service during 
periods of light load, special provision is 
necessary if the correct load-center volt- 
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age level is to be preserved without re¬ 
quiring the attention of an operator. 
The need for such provision may be illus¬ 
trated by the case of two load-ratio-con¬ 
trol transformers operating in parallel and 
sharing a common remote load, as illus¬ 
trated by the single-line diagram of 
Figure 1. With their line-drop compen¬ 
sators set to hold the desired load-center 
voltage, assume that one of the trans¬ 
formers is removed from service. The 
load current which was passing through 
it is thereby diverted through the other. 
This additional current reacts on the 
line-drop compensator and automatic- 
control devices of the transformer re¬ 
maining in service to raise the bus volt¬ 
age to a higher level than was being held 
while both units were in service. In 
other words, the removal of one trans¬ 
former from service has the same effect 
on the line-drop compensator and auto¬ 
matic-control equipment of the other, as 
if the load had increased, and the bus 
voltage is raised accordingly. Since the 
actual line drop between the bus and the 
load center has not increased, however, 
the load-center voltage is raised above its 
normal level. 

It will be apparent that this effect is 
most pronounced when only two units 
are operated in parallel. As the number 
of paralleled units is increased, the re¬ 
moval of any one from service produces 
proportionately less increase in current 
through the remaining units. However, 
the removal from service of any substan¬ 
tial portion of the total number of units 
will cause an appreciable rise in the volt¬ 
age level; in any case, corrective meas¬ 
ures are desirable. 

Avoidance of Excessive Initial Cir¬ 
culating Current at the Instant 

of Paralleling 

Unless means are included for bringing 
the load-ratio-control mechanism of an 
idle transformer to a position approxi¬ 
mating the existing bus voltage level, 
there may be an excessive initial circu¬ 
lating current when the paralleling cir¬ 
cuit breaker is closed. The magnitude 
of the initial circulating current is a func¬ 
tion of the impedance in the loop circuit 
comprising the load-ratio-control trans¬ 
formers and the interconnecting circuits 
on both the high-voltage and low-voltage 
sides, and also of the voltage introduced 
in the loop by the difference in position 
of the voltage-regulating mechanisms. 
In the usual case, the predominant im¬ 
pedance is that of the transformers them¬ 
selves. The high-voltage and the low- 
voltage interconnections usually add 
little impedance, particularly in the case 


of double-ended unit substations, where 
the transformers connect directly to a 
common load bus, or in the case of single¬ 
transformer unit substations joined in 
parallel through short interconnecting 
circuits. The units axe sometimes con¬ 
nected to a common high-voltage circuit, 
although if each is supplied over a sepa¬ 
rate circuit, the total loop impedance is 
usually not increased materially, as the 
impedance of the high-voltage lines when 
reduced to a per-unit basis, is generally 
relatively small. 

The maximum circulating current, of 
course, occurs when a unit whose voltage- 
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Figure 1. One-line diagram of three-phase 
load-ratio-control transformers connected in 
parallel 

Automatic-control equipment energized from 
one phase of each transformer circuit 


regulating mechanism is at one extreme 
end of its range is paralleled with others 
whose mechanisms are at the opposite 
end. It is evident from this that the 
possibility of trouble arising from initial 
circulating current becomes greater as the 
range of the voltage-regulating equipment 
is increased. As an indication of the 
order of magnitude of the circulating 
current, consider as a typical case the 
two transformers illustrated in Figure 1. 
If each has a 20 per cent range of load- 
ratio control, they can introduce a maxi¬ 
mum voltage of 20 per cent in the loop 
circuit when one is at the full raise posi¬ 
tion and the other at the full lower posi¬ 
tion. Then, assuming that each has an 
impedance of six per cent, and that the 
impedance of the interconnecting circuits 
is negligible, the maximum circulating 
current is 20/12, or 1.67 times normal 
full load current of one unit. This circu¬ 
lating current is essentially a zero power- 
factor current, and adds to the load cur¬ 
rent at an angle approaching 90 de¬ 
grees. 


While excessive initial circulating cur¬ 
rent can be avoided if the voltage-regu¬ 
lating mechanisms are brought to the 
same voltage position manually, experi¬ 
ence has shown that system operators 
are usually unwilling to accept this ar¬ 
rangement; and where remote operation 
or supervisory control over the parallel¬ 
ing circuit breaker is involved, the means 
for avoiding excessive initial circulating 
current must be fully automatic almost 
invariably. 

In the new control system recently de¬ 
veloped and described in this paper, 
great flexibility in operation is obtained 
by incorporating features that will: 

(a). Insure stable operation during parallel 
operation. 

(&). Maintain the correct load-center volt¬ 
age as the number of transformers in service 
is varied. 

(c) . Avoid excessive initial circulating cur¬ 
rent at the instant of paralleling. 

( d ) . Permit independent, nonparallel opera - 
tion when desired. 

The various voltages and currents re¬ 
ferred to, unless otherwise specified, 
are those which appear in the secondary 
windings of potential and current trans¬ 
formers and which are measures of the 
true values in the power circuit. 

The Control Equipment 

Each automatic load-ratio-control 
transformer possesses and is controlled 
•by its own complete set of control de¬ 
vices, including a contact-making volt¬ 
meter, line-drop compensator, potential 
transformer, and current transformer, 
permitting it, therefore, to operate as an 
individual unit. 

For the purpose of reducing circulating 
current during parallel operation, each 
unit is provided with a circulating cur¬ 
rent compensator and an auxiliary cur¬ 
rent transformer. In addition, in order 
to maintain the correct load-center volt¬ 
age level as the number of units operating 
in parallel is varied, and to permit the 
avoidance of an excessive initial circulat¬ 
ing current, a second auxiliary current 
transformer is provided with each unit. 
Since these two auxiliary current trans¬ 
formers and the circulating current com¬ 
pensator operate in the secondary circuit 
of the main current transformer, they 
are physically so small that they may be 
mounted usually on the control panel. 
Only five external control wires are re¬ 
quired for the interconnections between 
the units, regardless of the number of 
load-ratio-control transformers that are 
to operate in parallel. 


July 1943, Volume 62 


Minneci, Farnham — Load-Ratio-Control Transformers 


Transactions 489 





REMOTE LOAD 


Figure 2. Control arrangement suitable only 
for individual operation 

Principle of Operation 

The connections of the control circuits 
between the several paralleled units, in 
conjunction with the appropriate con¬ 
nections of the circulating-current com¬ 
pensators and auxiliary current trans¬ 
formers in each unit are such that: 

(a) . Circulating current between trans¬ 
formers does not result in corresponding cur¬ 
rent in the line-drop compensators. This 
prevents the line-drop compensation from 
being influenced by circulating current. The 
line-drop compensators, therefore, respond 
only to load current. 

(b) . The load current in each line-drop, 
compensator is always proportional to its 
transformer’s share of the total load current 
regardless of whether or not that particular 
transformer, is in service. To accomplish 
this, the line-drop compensators on all 
units—-whether in service or idle—are kept 
energized, and equal amounts of the load 
current flow through all of the compensators 
at all times. 

4 case of transformers of unlike 

kilovolt-ampere ratings operating in par¬ 
allel, the currents in the line-drop com¬ 
pensators will be equalized when the load 
current is divided among the transform¬ 
ers in proportion to their kilovolt-ampere 
ratings. 

Functions of the Circulating-Cur¬ 
rent Compensator and Auxiliary 
Current Transformers 

One auxiliary current transformer func¬ 
tions to separate the load current from the 
circulating current. The circulating cur¬ 
rent thus segregated is, by appropriate 
connections, forced through the circulat¬ 
ing-current compensators of all units in 
service. A reactive voltage proportional 
to the circulating current is thereby in- 
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serted in the contact-making voltmeter 
circuit. The circulating-current com¬ 
pensator, sometimes referred to as a 

paralleling reactor’' is an iron-core reac¬ 
tor with two windings. One winding car¬ 
ries the circulating current, and the other 
is connected in series with the contact¬ 
making voltmeter. It is provided with 
taps for adjusting the magnitude of the 
voltage introduced in the voltmeter cir¬ 
cuit for a given amount of circulating 
current. 

The second auxiliary current trans¬ 
former forces an equal division of load 
current through the line-drop compensa¬ 
tors of all the units, regardless of whether 
they are in service or idle. 


Operation of the Control Circuit 

To facilitate an understanding of the 
manner of operation of the control sys¬ 
tem in which the foregoing features are 
incorporated, the relatively simple con¬ 
trol arrangement for automatic operation 
of individual units is first considered. 
Figure 2 is a one-line diagram representing 
several three-phase load-ratio-control 
transformers, each with its own set of 
control equipment. The control circuits 
are separated from one another, and will 
be recognized as the arrangement nor¬ 
mally used for independent, nonparallel 
operation, wherein each contact-making 
voltmeter and line-drop compensator is 
energized by its own potential and cur¬ 
rent transformer. With this arrange¬ 
ment, however, only one unit at a time 
may be connected to the load bus because, 
if one or more units are added in parallel 
the presence of any circulating current 
in the line-drop compensators will cause a 
further increase in the voltage delivered 
to the bus by the transformer whose volt¬ 
age is already high, and a decrease in the 
voltage of the transformer whose voltage 
is already low. This results in unstable 
operation, with one unit going to the 
maximum raise position and the other 
going to the maximum lower position, 
thereby increasing the circulating current. 

Circulating-Current Compensation 

The circulating current, however, can 
for all practical purpose, be eliminated 





Figure 4. Control arrangement showing the 
addition of auxiliary current transformers 5 
for effecting the proper division of load current 
among the line-drop compensators when 

transformers are removed from service 

bus. Under balanced conditions, load 
■current flows in the main current trans¬ 
formers and line-drop compensators, as 
well as in the auxiliary current trans¬ 
formers 1 as indicated by the solid ar¬ 
rows, Since these auxiliary current 
transformers are connected in series with 
each other through control wires 2 and 3, 
equal amounts of load current flow 
through all the line-drop compensators, 
thereby introducing the proper amount 
of voltage compensation in the contact¬ 
making voltmeter circuits. 

Circulating current appearing in the 
secondary windings of the main current 
transformers, however, is prevented from 
flowing in the afore-mentioned loop by 
the polarity of the connections, but is 
forced to flow through the circulating- 
current compensators CCX and control 
circuits 3 and 4 as indicated by the 
broken arrows. It will be noted in Figure 
3 that the flow of circulating current in 
the power circuits is from transformer 
number 1 toward the load bus, returning 
through transformers numbers 2 and 3. 
Accordingly, the current in CCX for 
transformer number 1 is in the direction 
to lower its output voltage, while in the 
CCX elements of transformers numbers 
2 and 3 it is in the opposite direction and 
tends to raise the output voltage. The 
net effect is the reduction of the circulat¬ 
ing current. 

The vector relationship of the circu¬ 
lating-current compensation with respect 
to the voltage applied to the contact¬ 
making voltmeter is shown in Figure 6. 


Auxiliary switches on the circuit break¬ 
ers are used to change the control con¬ 
nections automatically when any trans¬ 
former is removed from service. These are 
designated as a and b in Figure 3. When 
a transformer circuit breaker is opened, 
auxiliary switch a isolates the circulating- 
current compensator CCX , while switch 
b by-passes the auxiliary current trans¬ 
former 1, thereby permitting the correct 
compensation for circulating current 
among the transformers remaining in 
parallel operation. 

If for any reason the controls are pre¬ 
vented from correcting for circulating 
current, an overcurrent lockout relay 
(not shown in Figure 3) sometimes is 
provided to stop operation of the load- 
ratio-control motor before the current 
reaches an unsafe value. The relay oper¬ 
ating coil is usually connected in series 
with the CCX element where it is re¬ 
sponsive to circulating current only, and 
is, therefore, free from the influence of 
load current. When the power circuit 
breakers are equipped with current di¬ 
rectional relays for other reasons, as is 
the normal practice in the case of unit 
substation, the lockout relay may be 
omitted. In these cases, the breaker is 
tripped automatically when the circu¬ 
lating current reaches the value corre¬ 
sponding to the relay setting, 10 The 
circulating current is thereby removed 
entirely rather than merely prevented 
from increasing further. 

Equalization of Current in the 

Line-Drop Compensators 

To permit varying the number of 
transformers in service without affecting 
the line-drop compensation, a previously 
mentioned second auxiliary current trans¬ 
former 5 is added to each equipment, as 


shown in Figure 4. The manner in which 
this causes an equal division of load cur¬ 
rent among all the line-drop compensa¬ 
tors will be apparent from the circuit of 
Figure 4, wherein transformer number 1 
is removed from service as indicated by 
the open position of its circuit breaker. 

If it be assumed that three units of 
current represents the total load current 
supplied to the load bus by transformers 
numbers 2 and 3, then each carries l 1 /* 
units of current, It is apparent that if 
l 1 /2 units of current are allowed to flow 
through their line-drop compensators, 
these transformers will raise the bus volt¬ 
age to a higher level than was being 
held before the breaker of number 1 
transformer was opened, since previously 
only one unit of current flowed in each 
compensator. The presence of the aux¬ 
iliary current transformers 5 however, 
permits only one unit of current to flow 
in each of these line-drop compensators, 
while the excess half units are forced to 
flow in control wire 6, and their sum— 
one unit—flows through the line-drop 
compensator of the idle transformer 
number 1. The line-drop compensation 
of all the transformers, therefore, re¬ 
mains at exactly the same value at all 
times, thereby maintaining the correct 
bus and load-center voltage levels re¬ 
gardless of the number of transformers in 
service. 

Although in the figures used for illus¬ 
tration, only three transformer units are 
shown, the complete symmetry of the 
arrangements makes it apparent that this 
scheme is applicable to any number. 
If there are N transformers, X of which 
are operating in parallel, and if unit cur¬ 
rent flows in each when X = N, then the 
division of load current among the par¬ 
alleled transformers will be in proposition 
to N/X. Only unit current, however, is 
allowed by the auxiliary current trans¬ 
formers 5 to flow in each of their line- 
drop compensators, and the excess, 
which is equal to {N/X) — 1 or (N—X)/X 
for each transformer, is diverted to the 
N—X idle transformers. This results 
in a total current proportional to 
[(A-A)/Z](X) being divided among 
N—X idle transformers with the result 
that each idle transformer also has unit 
current in its line-drop compensator. 

Circuit-Breaker Closing Circuit 

To avoid an excessive initial circulating 
current at the instant of paralleling, ad¬ 
vantage is taken of the fact that the cor¬ 
rect share of load current is automatically 
maintained in the line-drop compensators 
of the idle as well as the active transform¬ 
ers. This makes possible the automatic 
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equalization of the output voltage with 
the existing bus voltage, so that when 
operating conditions require, any idle 
transformer may again be connected to 
the bus, with the assurance that its volt¬ 
age will be of the correct value to permit 
paralleling without causing a large initial 
circulating current. A slight phase dis¬ 
placement will exist between voltages 
as a result of the impedance drop in the 
loaded transformers, but in the usual 
case this should not be objectionable. 

Figure 5 is a partial elementary dia¬ 
gram showing the salient features of a 
circuit-breaker closing circuit which per¬ 
mits the automatic voltage equalization 


Figure 5. Partial elementary diagram of con¬ 
trol circuit for permitting equalization of 
voltages before closing the circuit breaker 

to take place before allowing the breaker 
to close. In this circuit, the only devices 
required in addition to those normally 
employed are a timing relay and an aux¬ 
iliary seal-in relay. The manner of op¬ 
eration may be seen readily by reference 
to Figure 5. When the control switch 
is turned to closed, or when the reclosing 
relay (if present) operates, the seal-in 
relay is picked up and sealed. Immedi¬ 
ately the load-ratio-control motor cir¬ 
cuit is energized and the timing relay is 
started. This relay has a time interval 
which is sufficient to permit the load- 
ratio-control mechanism to reach the 
position corresponding to the existing 
bus voltage. A true indication of the 
bus voltage, as has been shown, is given 
to the contact making voltmeter of the 
idle unit by the potential transformer 
connected to its own output circuit, and 
its line-drop compensator. At the ex¬ 
piration of the timing interval, the cir¬ 
cuit breaker closing mechanism is ener¬ 
gized, and the breaker closes. While it 
is probable that in most cases the idle 
load-ratio-control mechanism will have 
assumed the correct voltage position be¬ 
fore the interval elapses, there is the 
possibility that it may occasionally have 
to traverse its entire range before the 
correct position is reached, and the tim¬ 


ing interval should be sufficient to allow 
this. 

After the circuit breaker is closed, the 
seal-in relay and timing relay are de¬ 
energized by means of an auxiliary switch. 
The load-ratio-control circuits, however, 
are kept energized through another aux¬ 
iliary switch so that further voltage 
changes can be made as required by sys¬ 
tem conditions. 

In the foregoing it is assumed that 
paralleling is accomplished by closing the 
circuit breaker between the load-ratio- 
control transformer and the load bus, as 
illustrated in Figures 1 through 4. If in 
the actual installation there is also a 


switch or circuit breaker between the 
transformer and the source, this must be 
closed first in order that the automatic 
voltage equalization may occur. 

Individual Operation 

Since each load-ratio-control trans¬ 
former is provided with a complete set 
of automatic-control equipment, any 
of the transformers shown in Figure 4 
may be operated independently. It is 
necessary only to open control wires 4 
and 6 and to by-pass the auxiliary cur¬ 
rent transformers 1 and 5, thereby reduc¬ 
ing the interconnected control arrange¬ 
ment of Figure 4 to the simple isolated 
arrangement of Figure 2. For this pur¬ 
pose a control switch (not shown) may be 
used, or if the change from parallel to 
individual operation is to be made only 
very infrequently, the necessary changes 
in the control-circuit connections may be 
made directly at the terminal boards of 
the control equipment. 

Summary 

This new control system provides a 
means whereby all of the features may be 
secured which appear desirable in appli¬ 
cations requiring the fully automatic 
parallel operation of load-ratio-control 
transformers. Its outstanding charac¬ 
teristics are these: 

1. Accurately regulated voltage is main¬ 
tained at the remote load center through 


line-drop compensation which is responsive 
to load current only. 

2 . Circulating current—regardless of its 
cause—is self-reducing, thereby insuring 
stable operation. 

3. Both the voltage level and the circulat¬ 
ing-current compensation are independently 
adjustable. 

4. Bus and load-center voltage levels are 
automatically maintained at the correct 
values when transformers are added to or 
removed from parallel operation. 


T 



Figure 6. Vector diagram illustrating the cor¬ 
rective voltages impressed on the contact¬ 
making voltmeters as a result of circulating 
current 

0-7—Voltage at transformer load bus 

0-L —Voltage at remote load center and at 
each contact-making voltmeter for normal 
conditions. (No circulating current) 

l L —Load current, 100 per cent power factor 

hi —Circulating current through unit 1: lags 
0-7 by an angle approaching 90 degrees 

lc 2 —Circulating current through unit 2: leads 
0-7 by an angle approaching 90 degrees 

0-P r —Voltage at contact-making voltmeter 
on unit 1 when circulating current exists 

O-B*—Voltage at contact-making voltmeter on 
unit 2 when circulating current exists 

R-X —Resistance and reactance voltage com¬ 
ponents in line-drop compensator 

T-L —Total line-drop compensation for norma! 
conditions 

L-P XI L~P 2 —Voltage compensation resulting 
from circulating current 

T-P x —Total impedance drop in series with 
contact-making voltmeter on unit 1 

T~P 2 —Total impedance drop in series with 
contact-making voltmeter on unit 2 

5. In order to avoid the occurrence of a 
large initial circulating current, the output 
voltage of any idle transformer is auto¬ 
matically equalized with the existing bus 
voltage before permitting the closing of the 
paralleling circuit breaker. 

6. Any number of load-ratio-control trans¬ 
formers may be operated in parallel, and 
new transformers may be added without 
requiring modification of the control equip¬ 
ment on those already in service. 

7. Operating flexibility is inherent in this 
''unit” arrangement which permits either 
parallel or individual operation. 
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Appendix 


Train Communication 


Circulating-Current Voltage 

Compensation 

The effect of circulating current on the 
voltage impressed on the contact-making 
voltmeters is shown in Figure 6 for the case 
of two load-ratio-control transformers oper¬ 
ating in parallel. The vector diagram is 
drawn for the case of unity power-factor 
load current, and shows the conditions which 
exist before the circulating current is re¬ 
duced. No attempt is made to indicate the 
precise magnitudes of the various compo¬ 
nents as the diagram is intended merely to 
illustrate their general relationship. 

Definition of Symbols 

PT —Potential transformer. 

CT —Current transformer. 

CB —Circuit breaker. 

R —Resistance component in line-drop 
compensator. 

X —Reactance component in line-drop 
compensator. 

V— Contact-making voltmeter. 

B —Ballast for contact-making volt¬ 
meter. 

CCX —Circulating-current compensator. 

a —Auxiliary switch on circuit breaker. 
Closed when circuit breaker is 
closed. 

b —Auxiliary switch on circuit breaker 
Closed when circuit breaker is open. 

^—Contacts closed. 

=—Contacts open. 
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T HE communication system that is 
used in the operation of railroads has 
developed very rapidly in the last few 
years. The most recent addition is what 
is known as train communication, which 
is a system of communication for operat¬ 
ing purposes between railway vehicles and 
between such vehicles and fixed points. 
To illustrate, train communication equip¬ 
ment may be used for two-way telephone 
or code communication between the two 
ends of a train, between trains and sta¬ 
tions, between trains and towers, be¬ 
tween two parts of a train that are sepa¬ 
rated for work or otherwise, between two 
different trains whether they are on the 
same or on adjacent tracks, and between 
the conductor and locomotives in a re¬ 
ceiving or in a classification yard. Follow- 
ing are illustrations of the uses to which 
such equipment may be put: 

A. Communication Between Vehicles in 
the Same Train. This is most impor¬ 
tant in long freight trains in which it is 
very difficult to signal between members 
of the crew. There are many possible ap¬ 
plications : 

1. The conductor may call for an air-brake 
test before starting the train and may report 
to the engineer on the progress of the test, 
thus decreasing the amount of time required. 

2. The conductor can notify the engineman 
that everyone is on board. 

3. He can request the engineman to in¬ 
crease or decrease speed as desired or re¬ 
quired. 

4. The crews at the two ends of the train 
can compare train orders received while in 
motion. 

5. Information in regard to change in work 
to be done at work points can be exchanged. 

6. The conductor can give information 
enabling the engineman to spot the caboose 
at any desired point, for instance when it is 
necessary to clear road crossings or switches. 

7. When in motion the conductor can re¬ 
port to the engineman dragging brakes, hot 
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boxes, or any other condition that makes it 
necessary to stop the train, and arrange for 
the best time and place to stop. 

8. The apparatus may be used to obtain 
the proper co-operation between the hauling 
and the pushing locomotives on a long train 
where two or more locomotives are co¬ 
operating. 

9. The locomotive crew can give informa¬ 
tion to the crew at the rear of the train 
concerning causes for delay and estimates 
of the duration of the delay. 

10. The conductor can give instructions to 
the engineman as to procedure under un¬ 
usual conditions of any kind without having 
to walk to the front end of the train. 

B. Communication Between Trains - 
When two trains are passing, the crew of 
one train may notice something that should 
be corrected on the other train, and with 
the communication system it is possible 
to report such conditions, for instance, 
as the existence of hot boxes or dragging 
brake rigging or shifting loads. 

C. Communication Between Train and 
Station or Between Train and Tower. 
Ability to communicate between trains 
and stations or towers is valuable first of 
all in that it enables the towerman to 
transmit messages to a train crew without 
stopping the train or reducing its speed. 
It is important also from the standpoint 
that it enables the train crew to report un¬ 
usual road conditions to the towermen. 

D. Communication in Hump Yards. 
In train classification the communica¬ 
tion system is a very great convenience in 
that it enables the conductor, who is usu¬ 
ally located at the hump of the yard, to 
communicate with his locomotives at all 
times and to tell them what to do, which 
string of cars to move, when to start, how 
fast to move, and when to stop. This is 
useful on the classification side of a 
hump, as well as on the receiving side. 

The applications are so many and so im¬ 
portant that one can almost say that in 
common with all communication equip¬ 
ment, as soon as the equipment becomes 
available, it also becomes indispensable. 

Previously Proposed Methods 

Several methods of providing train 
communication have been proposed. 
Among the first was the suggestion that 
the air-brake system might be used as a 
speaking tube. Investigation revealed 
that the brake air line was an extremely 
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efficient low pass filter—so good, in fact, alternative means of communication, 
that no frequencies higher than about such as ships and aircraft, 
one cycle per minute could be passed 

through the brake pipe of a 150-car train. Commercial Method 
Even this signal could not be transmitted 

satisfactorily under certain conditions The Union Train Communication Sys- 
of the brake line, and the extremely low tem, a development of the Union Switch 

speed of signaling made the system im- and Signal Company, is in regular corn- 

practical since a single signal would have mercial use and is being adopted rapidly 

to combine several pulses and might take in railway applications. It is a carrier 

five minutes to complete. telephone system transmitting usually 

Another suggestion required the wiring the upper side band of a 5,700-cycle car- 

of all freight cars. The wires were to be rier and ordinarily feeding the signals 

connected automatically through the conductively into the rails and picking 

brake line couplers, and there is no doubt them up inductively from the rails, 

that if such a circuit were established, Figure 1 shows the principle of the sys- 

communication over it would be easv. 


tem. At the sending vehicle a voltage is 
produced along both rails in parallel to 
send out currents through the running 
rails with the return path through the 
ground. The signal is picked up at the 
receiving end by coils in inductive rela¬ 
tion to the rails and is amplified and de¬ 
modulated for reception in the loud¬ 
speaker. The apparatus has been de¬ 
veloped as a simplex or “press-to-talk” 
system. 

Description of Apparatus 

Figure 2 shows the essential parts of a 
typical equipment. The transmitting 
circuit is a loop from the insulated truck 
at one end of the vehicle through the 
output transformer with tuning condenser 
to the truck at the other end of the ve¬ 
hicle with the loop completed through 
the running rails between the wheels of 
the trucks to which the connections are 
made. The impedance drop in these 
rails is the transmitting rail voltage. 
Speech is transmitted by a telephone- 
type transmitter and received either over 
a loud-speaker or over the receiver of a 
handset. 

In Figure 3 two indication lights are 
shown at the top of the control panel, 
one showing red when the 32-volt d-c 
power is on, and the other flickering 
white with the modulation of the voice 
to assure the speaker that his message is 
being transmitted to the rails. The 
button beneath the lights is used for 
sending a calling signal which is received 
as a steady 1,050-cycle note and is sent as 
a single frequency 1,050 cycles above the 


There is the consideration that the wiring 
of two million freight cars is a large under¬ 
taking, and even more important, that 
both this method and the signaling 
through the brake pipe have the funda¬ 
mental limitation that neither can be 
used if the train is broken. This in itself 
renders both systems impractical, since 
communication is often most needed 
when the train is parted. 

Radio has been proposed and tried on 
many occasions, and it is possible by radio 
to obtain communication, especially be¬ 
tween ends of a moving train. Com¬ 
munication is uncertain in tunnels and 
fades under steel bridges and similar 
structures. This condition makes radio 
unsatisfactory for the purpose. The 
most important difficulty wfith radio is 
that the Federal Communications Com¬ 
mission has not been able to make per¬ 
manent assignments of wave bands that 
are suitable. They have to be reserved 
for the use of services which have no 


Figure 2, Block dia- 
gram of two-way Cjr Clp 

equipment on ca- |h 

boose JJ 

A. Receiving coils 
(located in inductive 

relation to rails) 

B. Equipment box 
with transmitter- 

receiver and dyna- __ 

motor ~*‘T 

C. Caboose rear 8 

truck (insulated from 

caboose frame) 

D. Connections 
bolted to truck frame 

E. One-inch cop- (Zf) 3^ 

per pipe v-x _ 

F. Hand microphone or handset 

G. Control panel 

H. Output transformer unit 

I* Caboose front truck (insulated from caboose 
frame) 

J, Loud-speaker 

K. 32 volts direct current from caboose bat¬ 
tery: 100 watts receiving/ 500 watts sending 


carrier. The knob at the bottom of the 
panel is for the control of the received 
volume. 

In spite of the size of a locomotive, 
space in the locomotive cab is at a pre¬ 
mium, and it is sometimes difficult to find a 
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place for the speaker and the control box. 
The speaker may be located against the 
roof pointing down, and the control 
panel back of the engineman. 

In Figure 4 the transmitter and receiver 
combined in one frame are at the left, 
and the 32-volt dynamotor, rated 500 
milliamperes 400 volts d-c, combined 
with switching relay and ripple filters 
are in the frame at the right. 

An optional piece of equipment, some¬ 
times used, is the “signal selector.” 
It includes additional amplification and 
sharp filtering for the demodulated calling 
signal which operates a relay. It can¬ 
not be operated by short pulses or con¬ 
tinuous wide band interference because of 
a combination of saturation of the tube, 
time delay in the relays, and narrow band 
of response. When this equipment is 
used for calling only, the loud-speaker is 
disconnected from the amplifier in the 
stand-by position, and the calling signal 
operates the bell. When used with signal 
lights for proceed and stop indications 
the loud-speaker is disconnected, and a 
green or proceed light shows as long as 
the calling signal is being received, but 
when the calling signal stops, the bell 
rings, a red light shows, and the loud¬ 
speaker is connected ready to receive 
speech. This provides a proceed indica¬ 
tion on the so-called “closed circuit prin¬ 
ciple.” 

Figure 6 shows a portable receiving 
amplifier used on locomotives in hump 
yards for one-way communication. It 
weighs about 50 pounds. The circuits 
are essentially the same as those of the 
receiver for two-way communication, a 
32-volt vibrator furnishing the plate volt¬ 
age. In addition to the portable box 



Figure 3. Control box with hand microphone 
and loud-speaker in caboose 


Figure 4. Open 
equipment box, 
showing at the top, 
frames in position 
in box, and below, 
frames when re¬ 
moved 



shown, engine equipment for one-way 
communication involves a portable coil 
for picking up the signal from the rails 
and a portable loud-speaker and attached 
volume control for receiving messages 
in the engine cab. This equipment can 
be changed from one engine to another in 
a few minutes. 

Equipment Circuits 

Figure 7 shows the circuit diagram. 
The signal is picked up by the receiving 
coils at top left, amplified, as a single 
side band through two stages of carrier 
frequency amplification, and then de¬ 
modulated by a pair of triodes. Some 
of the carrier frequency from the oscillator 
is fed into the demodulator tubes in paral¬ 
lel while the single side band is applied 
in push-pull. Any undesired high-fre¬ 
quency components are removed by the 
carrier suppression filter which follows. 


The output of this filter is applied to the 
grid of a power tube, and its output feeds 
the loud-speaker or a handset. 

Automatic volume control is provided 
by the tube at the extreme left where the 
right half of the twin triode amplifies 
the demodulated signal taken from the 
filter input. When full output is reached 
by the output tube, the peak of this am¬ 
plified voltage begins to exceed the posi¬ 
tive voltage provided from D to ground, 
and the volume control starts to act by 
allowing the left half of the tube to rectify 
and charge the RC circuit connected so 
as to apply negative bias to the grids of 
the two carrier frequency amplifiers. 
The RC circuit provides considerable time 
delay. This is necessary since, with no 
carrier, transmitted volume control must 
be obtained from a time average of the 
amplitudes of the speech frequencies. 
Once the volume control begins to act, 
the output from the last tube stays ap- 


Figure 5. Cabinet 
for wayside station 
with receiver on top 
shelf, transmitter on 
middle shelf, and 
power supply at bot¬ 
tom, arranged for 
110-volt 60-cycle 
supply 
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proximatety constant, and the desired 
level in the loud-speaker or handset is set 
by a manual potential divider or volume 
control across the output. 

Short high interference peaks are cut oft 
bv the peak limiter at an amplitude no 
higher than required for normal signals to 
load the output tube. This is a twin tri- 
«.>de connected to short-circuit at the 
filter output the two halves of any ampli¬ 
tude greater than normal, and it operates 
after the A VC adjusts the gain. Normal 
peaks are set by two sliding contacts on 
the cathode resistor of the output tube. 

In the transmitter the output of a tele¬ 
phone-type microphone is applied to the 
grids of the modulator stage in push-pull 
while the carrier energy is applied to the 
grids in parallel. The resulting modula¬ 
tion, if the circuit is perfectly balanced, 
does not contain the carrier but does have 
in it principally the two side bands. Any 
remaining carrier and the lower side band 
are removed by the filter which follows, 
so that practically the tubes which drive 
the power stage are energized by the up¬ 
per side band only. The output stage 
consists of four 6L6 tubes in parallel push- 
pull and is connected to the sending loop 
or direct coupling circuit shown in the 
figure which extends from the engine pilot 
truck wheels through the rails to the driv¬ 
ers and back through the engine frame. 



Figure 6. At top, portable receiver for one¬ 
way communication. Its chassis is shown 
removed, below 


Y=G J rjB —shunt admittance per unit 
length 

Z 0 = characteristic impedance 
7 = — transmission constant 

a = attenuation constant 
jS = phase constant 

We can apply the formula for the char¬ 
acteristic impedance of a transmission 
line 

2,= [(tf+jJOAG+jrS)] 1 /’ 


Transmission Through Track 


or we can write it as the series impedance 
and the shunt conductance 


It is interesting to examine the trans¬ 
mitting characteristics of a railroad 
track with ground return. The charac¬ 
teristics of any infinite transmission line 
with distributed constants are deter min ed 
by four fundamental constants, namely: 

R, the series resistance per unit length 

A, the series reactance per unit length 
G, the shunt conductance per unit length 

B, the shunt susceptance per unit length 

Approximate values of these quantities 
for two rails in parallel at 8,000 cycles per 
second are as follows: 


R=> 1.25 ohms per thousand feet 
12-5 ohms per thousand feet 
£=1 mho per thousand feet (for 3 -ohm 
ballast resistance)* 

B is negligible compared to conductance G. 
Other symbols used are: 


Z -R+jX— series impedance per unit 
length 


^ tance >. a common term in railw 
signaling is the resistance between the two ra 

tltES traCk> 1)000 feet if not °therwi 

n - Measure m^nts show the resistance 
third ground is approximately or 

toSi tk one-fourth the resistance from r; 

witTa vJt*! "ff“ f ° r this is that som * currei 
* VOltage f between rails, flows along the ti 
roug the ballast without going to ground. 


z 0 =[zI&/g/oy/'- 

As we substitute the values chosen we 
have 

Z,= F12.5/84' D /l/Q°] 1 A 
= 3.5 /42° ohms 


This means that under the conditions 
assumed, the impedance presented by a 
railroad track with three ohms ballast 
resistance is about 3.5 ohms in one direc¬ 
tion for an infinite track. 

The transmission characteristics are 
obtained from the equation 

7=[zZ?-g/0] 1/s 

= [12.5/84 <l -l/0°l lA 
=3.5/42° 

or 

aJ rj$ = 2.6 -fJ2.35 

Thus, if we start with a current I 0 of 
value 1 at the transmitter, the current 
will fall to the value e~ aX at distance 
from the transmitter equal to x in thou¬ 
sands of feet, or for the value given, the 
current will fall to half value in 270 feet. 
The phase shift is /3 radians per thousand 
feet and the wave length, X = 2ir/p, or 


distance for phase to be retarded a com¬ 
plete cycle, is in this case about 2,700 feet. 

The equations show that if the conduct¬ 
ance, G, is one fourth as great, corre¬ 
sponding to 12 ohms ballast resistance, the 
characteristic impedance Z 0 is twice as 
great, and the attenuation and phase shift 
are half as much. In this case, 

Z 0 = 7 /42° ohms 
X = 5,400 feet 
.v = 540 feet (for I—I 0 /2) 


Range 

The current levels involved in train 
communication are of interest. The cur¬ 
rent in the rails near the sending vehicle 
is of the order of Va to 1 ampere. The 
noise level in a quiet yard track is about 
10“ 7 amperes. For communication to be 
intelligible, it is necessary that the signal 
should be received at a current level 
about four times that of the noise level. 
It follows that the ability to receive a 
signal with about one-half microampere 
in the rails represents the maximum us¬ 
able sensitivity of the amplifier. On an 
ordinary main-line track of a railroad in a 
rural region, the noise level is about 10 -6 
amperes. On main-line track through an 
industrial region, the noise level may be 
about 10~ 4 amperes. This is measured 
by noting the noise current through the 
loud-speaker and then, with noise re¬ 
moved, adjusting and measuring the rail 
current of a 1,000-cycle modulated upper 
side band to give the same loud-speaker 
current. If we take these values and put 
them into our expression for track at¬ 
tenuation, we find that with 12 ohms bal¬ 
last resistance, a signal can be received 
through the track alone, without line 
wires, at a distance of about IV 2 miles on 
main-line track in relatively quiet areas. 
With paralleling line wires present, speech 
can be exchanged at 100 miles between a 
wayside station and a train, and at ten 
miles or more between moving vehicles. 


Choice of Carrier Frequency 

If we look at the expression for the at¬ 
tenuation of the track current, we see 
that it varies directly as the square root of 
the frequency, assuming that the series 
impedance of the track Z varies directly 
as the frequency, and the shunt conduct¬ 
ance is independent of frequency, which 
is very nearly true in the region of inter¬ 
est. Hence, the frequency must not be 
too high. The frequency must not be too 
low, because the noise level in the track 
is much greater for low frequencies. Ex¬ 
periments were made with voice frequen- 
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cies, but this was impractical for two 
reasons: 

1. Because of the high noise level which 
contains large peaks because of power- 
frequency harmonics and commutator rip¬ 
ples from rotating machinery. 

2. Because communication at this fre¬ 
quency interferes with paralleling telephone 
lines. 

These conditions require the use of a fre¬ 
quency above 3,000 cycles per second, 
and the band between power frequency 
and 15,000 cycles has been carefully ex¬ 
plored, including operating tests in the 
range 3,000 to 10,000 cycles per second, 
and it has been found that there is a 
rather broad optimum in this range. 
Various theories and tests of the way in 
which noise varies with frequency are 
available. Some of these lead to the 
conclusion that noise varies inversely 
as the frequency, and others that it 
varies inversely as the square of the fre¬ 
quency. Careful tests through the fre¬ 
quency range up to 15,000 cycles were 
made at four locations along a railroad 
where severe noise came from parallel 
power lines and adjoining large industrial 
plants. The best expression of the re¬ 
sults is that they varied, on the average, 
at a rate between these two limits, about 
inversely as the 1.7 power of the fre¬ 
quency, but the fluctuations from this 
average were large. To get these data 
the noise in a fixed band width in cycles 
was compared to the equivalent single fre¬ 
quency track current. The result of 
these considerations and tests was that at 
first 7,000 cycles was chosen as the car¬ 
rier frequency, but after studies and tests 
in which the Bell Laboratories co-oper¬ 
ated this was later changed to 5,700 
cycles at their suggestion. This choice 
is at the same time a good compromise 
between attenuation and noise level. 
In these bands there is no interference in 
either direction between our circuits and 
signal circuits or radio. 

Single Side-Band Transmission 

The decision to transmit only one side 
band with suppressed carrier was based 
on the following considerations: 

1. The efficiency of the transmitter power 
unit is greater. The expression for the 
power transmitted with a carrier modulated 
to produce two side bands is (iC 2 /4)+l + 
( K 2 /4:) : where K is the modulation factor 
and 1 is the carrier power. This leads to a 
total power of 1.5 with only 0.5 in the two 
side bands, with 100 per cent modulation 
or By transmitting one side band 

only, all of the transmitted power may be 
put in it, and the efficiency of intelligence 
transmitted is improved by a factor of three 
for 100 per cent modulation; and for K 


anything less, the ratio of improvement is 
still greater. 

2. Since noise picked up is proportional to 
the received band width, a large improve¬ 
ment is possible by having the receiver ac¬ 
cept only the frequencies represented by a 
single side band. In the case of a trans¬ 
mitted voice band, 500 to 2,300 cycles, the 
received width need be only 1,800 cycles 
instead of the 4,600 cycles necessary when 
receiving carrier and both side bands. The 
factor of improvement here is about 2 l / 2 to 1. 

3. It was realized that when a signal is 
sent over a system in which the attenuation 
varies rapidly, as it does on a moving train, 
a much more uniform received signal results 
with single side-band transmission. When 
both the carrier and the side bands are 
transmitted, the signals are obtained by the 
functioning of the demodulator so that the 
output is dependent on the product of the 
amplitudes of carrier and side band. If 
both carrier and side band change by a ratio 
of 10 to 1, the received signal could change 
100 to 1. When the side band only is 
transmitted and the carrier is resupplied at 
the receiver, the side band is the only term 
subject to variable attenuation, or, in the 
case just cited, the variation would be only 
10 to 1 instead of 100 to 1. 

Voice-Frequency Band Used 

Intelligibility has been determined by 
so-called articulation tests similar to those 
used extensively by the Bell Laboratories. 
The per cent of meaningless three-letter 
syllables correctly received by a number 
of listeners is called per cent articulation. 
It is much more difficult correctly to 
interpret unrelated syllables than sen¬ 
tences; for instance, 70 per cent articula¬ 
tion gives practically 100 per cent intelli¬ 
gibility, and 60 per cent articulation gives 
99 per cent sentence intelligibility. A 
study of the Bell Laboratory data indi¬ 
cated that we could exclude the frequen¬ 
cies below 500 cycles and those above 

2,300 cycles without serious loss in sen¬ 
tence intelligibility. As a result of many 
tests made under severe noise conditions, 
this band 1,800 cycles wide, that is, 
from about 500 cycles to 2,300 cycles, was 
chosen as being best for our purposes, in¬ 
cluding naturalness of reproduction, 
which is the chief gain from including fre¬ 
quencies below 800 cycles. 



Figure 8. Phantom view showing direct- 
coupling output circuit on caboose 


Pre-emphasis 

Another expedient used here, and some¬ 
times elsewhere when it is desired to trans¬ 
mit the maximum possible intelligence 
with limited sending power, is to set the 
transmission and reception characteris¬ 
tics of the apparatus in accordance with 
the average energy of the voice at vari¬ 
ous frequencies. At 500 cycles the aver¬ 
age amount of energy in the human voice 
per cycle band width is several times 
greater than at 1,500 cycles; so if the 
transmitter is fully modulated by voice 
frequencies around 500 cycles, it will be 
far from fully modulated by those in the 
neighborhood of 1,500 cycles. To make 
the frequency characteristic of the trans¬ 
mitter the inverse of this voice-frequency 
energy distribution, we can make the 
response about 40 per cent of full sensitiv¬ 
ity at 500 cycles, increase it uniformly 
to 100 per cent at about 1,400 cycles, and 
maintain full sensitivity from 1,400 to 

2,300 cycles. In this way all components 
of voice frequencies modulate the trans¬ 
mitter to about the same extent. At the 
receiving end the frequency distribution 
is corrected by having the amplifier 
gain about 2.5 times as much for frequen¬ 
cies representing 500 cycles as for those 
representing the band from 1,400 to 

2,300 cycles, with a uniform drop from 
500 to 1,400 cycles, and in this way the 
received speech is restored to its normal 
energy distribution. Without a change 
in the frequency characteristic of the 
transmitter, the receiver would have to 
operate at all frequencies at the same 
sensitivity so that the reduction in sensi¬ 
tivity of the receiver for higher modula¬ 
tion frequencies represents a reduction 
in the noise level picked up in this band 
without any loss in reception of the signal 
desired. With the values chosen this 
represents about 2 to 1 improvement in the 
signal noise ratio of the received signal. 

Coupling to Track for Transmission 

Originally the coupling between the 
transmitter and the rails was made by 
means of large iron-core coils carried six 
or eight inches above the rails, but it was 
found possible to transfer only about one 
half of one per cent of the power in the 
coils into power in the track. The so- 
called direct coupling circuit of Figure 8 is 
15 or 20 times more efficient. Figure 9 
gives typical measured impedance values 
for such a circuit applied to a caboose. 
The large copper pipe used for the con¬ 
ductor has a resistance of 0.01 ohm, 
whereas the rail resistance is 0.04 ohm, 
so in this respect the circuit is fairly ef- 
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Figure 9. Imped¬ 
ance values for out¬ 
put circuit on ca¬ 
boose 



ficient in that about 80 per cent of the 
power in the output circuit goes into the 
track itself. However, the coupling be¬ 
tween this circuit and the rest of the track 
is very inefficient. The impedance of 
the rails from contact to contact on the 
two ends of the vehicle is 0.14 ohm, and 
the impedance of the track looking in 
either direction is about 3.5 ohms for 
three-ohm ballast. Thus, this circuit, 
considered as a source of power into the 
rails beyond the vehicle, is badly mis¬ 
matched. If we consider the section of 
the rail under the caboose as the imped¬ 
ance of the source 0.14 ohm, it is feeding 
into a load of seven ohms, or the imped¬ 
ance ratio is about 50 to 1. Considering 
as 100 per cent the efficiency of transmis¬ 
sion for maximum power transfer when 
the impedance of the source and the load 
are equal, then the approximate ef¬ 
ficiency for a mismatch is given by the 
expression 4 n/(n + l) 2 and this, if n = 50, 
gives 7.7 per cent. This expression neg¬ 
lects the phase angles of the impedances, 
but an accurate calculation including 
these gives about the same result—8 
per cent. 1 It is thus seen that because of 
the mismatch of impedances we are 
losing about 92 per cent of the power 
which we would like to put into the 
track beyond the vehicle. In case of 
sending from a wayside station, it is 
possible to make this factor better than 
100 per cent, for we can connect directly 
between rails and ground, balance out 
reactance, and, for three-ohm ballast 
resistance, make our source resistance 
about 1.30 ohms, which is the real part of 
the characteristic impedance to ground 
for the track extending in the two direc- 


impedance is quite variable, and in the 
case of the lowest values shown, which are 
measured values on a steel caboose, an 
impedance of only 0.07 ohm would be put 
in shunt with 0.14 ohm in the rail, and a 
severe lowering of efficiency would result. 
This situation is very much worse in the 
case of a locomotive or tender because of 
the very much greater weight involved. 
One theory of contact resistance 2 indi¬ 
cates that it varies inversely as the 1 /z 
power of the "orce on the contacts. Ex¬ 
periments indicate the exponent may 
vary from Y* to 1. A caboose weighs 
about 20 tons, and a tender may weigh 
200 tons, so by this theory, taking the 
contact resistance variation inversely as 
the square root of the weight, the contact 
resistances through the body of the tender 
would be less than one third as great as 
through the body of the caboose, and 
these low values in shunt would cause 
serious impairment of transmission. In 
the trains now equipped and operating, 
trucks in both the caboose and locomo¬ 
tive are insulated from the body of the 
vehicle. The pilot truck of the locomo¬ 
tive is usually chosen for insulation, and 
the front coupler is also insulated to pre¬ 
vent undesirable shunt paths. 

Effect of Transmitting Loop 
Position 

At first it was thought that by having 
the copper pipe of the loop high, a better 
circuit would result, principally because 
by getting the pipe further away from the 
rail the self-inductance of the rail would 
be increased, and a given current would 
give considerably more rail voltage ef¬ 


fective for transmission. This is prob¬ 
ably true for a wooden caboose, but it has 
been determined experimentally that it is 
certainly not true for a steel vehicle 
which covers almost all the newer design 
present-day cabooses and tenders. The 
characteristics of a high loop over the 
top of the vehicle were compared with a 
low loop in which the copper pipe is placed 
just under the floor of the vehicle, and the 
somewhat surprising result was found 
that the low loop is more efficient. There 
are two reasons for this: 

1. The presence of the steel body prac¬ 
tically eliminates any gain from added 
height, so that the actual effective height of 
the high loop is almost the same as that of 
the low loop. 

2. Considerably more copper pipe is needed 
for the high loop, thus increasing copper 
loss. 

The effective height of the high loop was 
determined by five separate measure¬ 
ments made in different ways. These 
all led to the same conclusion that the ef¬ 
fective height of the high loop was almost 
exactly the same as the clear air space be¬ 
tween it and the rails. In' other words, a 
loop about 14 feet high functioned just 
the same as one about four feet high, 
which represents the amount of clear 
space from ground to the floor of the ve¬ 
hicle, plus the distance from the ca¬ 
boose roof to the high loop. 

Relation of Track and Parallel 
Line Wires 

In the system of communication under 
discussion, the signal is fed into the track 
and is picked up from the track, usually 
with assistance in the transmission by mu¬ 
tual induction to and from the paralleling 
line wires which are nearly always to be 
found along the right of way. Measure¬ 
ment and calculation show that the induc¬ 
tion into the line wire is principally from 
the track and not from our sending loop. 
This is not surprising when one takes into 
account that the length of exposure be¬ 
tween the track and the line wires is 
much greater than that between the send¬ 
ing loop and line wire. It can be demon- 


tions in parallel. 

Inspection of the output circuit dia¬ 
gram, Figure 9, reveals that there is a 
shunt path through the vehicle tending 
to short out the rail which, in the aver¬ 
age case shown, might have a value of 
about 0.2 ohm. This, in parallel with the 
rail impedance of 0.14 ohm, is not ex¬ 
tremely serious and in the case of a light 
vehicle, such as a caboose, gives fairly 
satisfactory communication without in¬ 
sulating the trucks. However, the shunt 
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strated that the voltage induced in a line 
wire from a voltage introduced in a track 
is independent of the ballast resistance of 
the track, and hence of wet or dry seasons. 
This can be seen qualitatively by con¬ 
sidering that if the ballast resistance is 
low, larger track currents flow, but they 
attenuate more rapidly. Analysis shows 
that the two effects just balance one an¬ 
other. In order to receive the strongest 
signal, however, experiment shows that 
it is necessary to orient the coils for maxi¬ 
mum coupling with the rails rather than 
with the line wires. 

When sent from a wayside station, the 
signal is ordinarily applied between a 
line wire and a track as a ground connec¬ 
tion, rather than between tracks, al¬ 
though the latter is done sometimes. 
With such use of a line wire, conversa¬ 
tion between a tower and a moving train 
100 miles distant is practical. 

Yard Communication 

An important application of train 
communication is found in yards where it 
is desired to direct the work of several 
locomotives from one office. Some yards 
use one-way equipment, office to engine 
only, while others use two-way equip¬ 
ment which permits the engineman to talk 
to the office. A typical railroad hump 
yard is shown in Figure 10. Here com¬ 
munication is desired between the hump 
and locomotives working any place in the 
receiving yard and past the entering 
switches of the classification yard. In 
order to furnish this communication, line 
wires are provided as shown dotted in the 
figure. These line wires may be on pole 
lines if these are present in suitable loca¬ 
tion, or clearances permit building new 
ones. It is generally best not to have 
these wires immediately adjacent to 
open-wire telephone pairs unless special 
transpositions are used, but pole lines 
carrying power, telegraph, or signal 


wires may be used. Often a buried single 
conductor Parkway cable with nonmetal- 
lic sheath is used. Lines are supplied so 
that no point in the area to be covered is 
more than ten tracks away from a line 
wire for one-way communication, or 
more than seven tracks away for two-way 
communication. 

One-way yard communication depends 
on rail currents which flow because of con¬ 
ductive connection to or induction from 
the line wire. Hence, to provide positive 
rail paths, one rail of each third track is 
bonded so that a locomotive will always 
have rail current flowing in its own or in 
the immediately adjacent track, which is 
near enough for satisfactory inductive 
pick-up of the signal. For two-way com¬ 
munication, one rail of each track is 
bonded to provide positive rail paths for 
the locomotive sending currents. When 
trains operate on well maintained main¬ 
line track, it is not necessary to bond, but 
bad electrical connections in rail joints 
are common in yard tracks. 

The sending voltage at a yard office or 
wayside station is connected between the 
line wire and ground. Any bonded track 
of considerable length may be used for a 
ground. At the limits of the area cov¬ 
ered, the line wires are grounded to the 
bonded tracks. Direct connections be¬ 
tween line wires and tracks are not neces¬ 
sary, since mutual induction between 
line and track will supply communication, 
but the connection line to rail is usually 
the most convenient way to terminate 
both line and bonded tracks at the cover¬ 
age limits. 

Approximate calculations can be made 
of the communication currents in such 
railroad yards. A primary factor is the 
mutual induction between a line wire and 
a track, and this may be determined from 
published charts. 3 

There are several other effects to be 
taken into account, one of which is the 
loss occurring when the signal is fed into 


one wire in a group of wires running paral¬ 
lel to one another. Opposing currents 
will flow in the other paralleling conduc¬ 
tors, which will tend to reduce the effect 
of the wire employed. Two-thirds as 
much current as flows in the wire which 
carries the signal current may be induced 
in an immediately adjacent wire, and a 
rough calculation indicates that the net 
induction from the transmitting current 
in a single wire which is a member of an 
open wire lead can be estimated by divid¬ 
ing the calculated value for a single wire 
alone by three times the square root of 
the number of additional paralleling 
wires. Likewise, the currents induced 
into any one track are reduced by mutual 
induction from the currents flowing in 
adjoining tracks. A study of this ef¬ 
fect indicates that current calculated in 
any one track considered alone must be 
divided by the square root of the number 
of tracks between it and the line to ap¬ 
proximate the actual current. 

In considering transmission in the op¬ 
posite direction, the effect of interfering 
tracks is the same; that is, they inter¬ 
fere with transmission from a track to a 
line in about the same way. However, 
multiple wires on a pole line are an aid 
in this case because the currents in each 
are approximately inphase and they add 
in effect on a receiving means able to pick 
up from all the wires equally well. The 
results obtained with these methods of 
calculation agree with the results of some 
field measurements within ±30 per cent. 
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Thermal Rating of Overhead Line Wire 
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T HE major problems in rating over¬ 
head wires according to thermal 
limits are 

1. How materials lose their strength. 

2. How hot wires become when various 
currents are passed through them. 

Much scattered work has been done on 
these subjects in the last 20 years, but 
results have been either inconclusive or, 
in many cases, contradictory. This dis¬ 
cussion brings together data from many 
sources, adds certain data, and outlines 
the general problem. 

Omitting the obvious discussion of 
efficiency and voltage drop, let us say 
that the rating of overhead wires must 
be such that there shall be no appreciable 
weakening of the conductor material 
and clearances at the higher temperatures 
of operation must be ample! To solve 
this general problem, we must obtain 
data on the following specific phase: 

I. Permissible Temperatures 

(a). To retain the strength of wire. This 
depends on time of heating, impurities in the 
wire, and to a less degree on amount of cold 
working prior to heating. 

(&). To protect wire covering from undue 
deterioration. 

(c). To preserve reasonable clearances. 

II. Temperature That the 
Wire Will Attain 

(a). Basic thermal relations expressed as 
temperature rise versus current, wire size 
and material, wind at various directions, 
and sunshine. 

( b ). Weather conditions under which heat¬ 
ing will occur, finding reasonable values of 
wind, temperature, and rain combinations 
under normal and emergency operation. 


must be made with reference to specified 
frequency and duration of overload. 

I. Permissible Temperatures 

I a. Maximum Temperature That 

Will not Anneal Wire 

We will confine our metallurgical 
study to copper. The cold-worked cop¬ 
per used in overhead lines has its crystals 
so arranged that overheating will start 
new crystal growth that weakens the wire. 
Some X-ray diffraction tests (of which 
details will follow) indicate that the 
beginning of recrystallization coincides 
with a loss of five per cent of the tensile 
strength of the wire. We therefore adopt 
this as the allowable loss of strength by 
annealing. The problem is then to ex¬ 
press temperature and time that will 
produce five per cent loss of tensile 
strength. 

The solution cannot be found directly 
in the literature, because few of the 37 
authorities 1_ ~ 37 consulted give results in 
directly usable form. However, by cor¬ 
relating some curves (such as Figure 1) 
and many isolated points, the field can 
be roughly covered. Figure 1 is a sample 
of tests in which many pieces of one wire 
were heated for various times and then 
broken in tension after cooling. From 
these curves, the time-temperature com¬ 
binations for five per cent decrease in 
strength can be found. The curves pre¬ 
sented by different authorities show con¬ 
siderable variation, but results can be 
reconciled reasonably well by considering 
the chemical impurities. Fortunately, 
in this type of copper only oxygen and 
silver remain in important quantities. 

Figure 2 shows the permissible tempera¬ 
tures for one hour. Some of the points 


most are from isolated test runs of V 2 to 
2 hours. The latter were corrected to 
one hour by comparison with other in¬ 
vestigators’ strength-time curves. Some 
points are from hardness or elongation 
tests, corrected to equivalent breaking- 
strength results from interlocking reports. 
(A loss of one per cent in Vickers, Brinell, 
and scleroscope hardness corresponds to 
about five per cent loss of tensile strength, 
but Rockwell tests lagged about 50 de¬ 
grees centigrade in showing the change.) 

The trends of the points in Figure 2 
are indicated by the labeled areas. From 
these we see that permissible tempera¬ 
tures increase with silver content, with 
the most minute parts of silver having 
greatest effect. We also see that oxygen 
is only important when below 0.02 per 
cent. 

Typical compositions of wire copper 
are indicated, but the range of individual 
coppers is great. “Lake” copper, com¬ 
mon before 1924 but since then used only 
on mile-long seamless draws, varies 
naturally as mined. The amount of 
silver in electrolytic copper varies with 
the value of silver. Oxygen-free copper 
is not commonly used for conductors but 
shows what can be accomplished by fine 
chemical controls. 

We now turn to curves of temperature 
versus time (Figure 3). Considering the 
wide range of conditions represented by 
these authors, the agreement in trends 
is good. The shape of these curves, plus 
some isolated tests, were used therefore 
to draw a chart for four values of silver 
(Figure 4), whose intercepts at one hour 
were selected from Figure 2. From these 
curves, if silver is known, temperature 
may be estimated for any time of heating. 
If silver is unknown, tests may be run 
at 200 degrees centigrade for periods 
varying from one-half hour to a day (that 
is, data obtained as in Figure 1), and time 
at which the wire loses five per cent 
of its’ strength spotted on Figure 4. The 
nearest curve can then be taken to repre¬ 
sent the action of this material. Such 


Importance of Frequency are from curves such as Figure 1, but tests substitute for chemical analyses. 

and Duration of Overload 


The total expected duration of heavy 
loads affects permissible temperatures, 
acceptable minimum ground clearances, 

and probable adverse weather combina- Figure 1. Cold 
tions. Therefore, any thermal limits breaking strength in 

———--- tension versus time 

Paper 43-73, recommended by the AIEE committee application of 

on power transmission and distribution for presenta- ^ 

tion at the AIEE North Eastern District technical several temperatures 
meeting, Pittsfield, Mass., April 8-9, 1943. Manu¬ 
script submitted February 23, 1943; made available For number 6 strands 
for printing March 19, 1943. from ' number 000 

MvbonZocker. on leave from The Detroit Edison copper wire a f ter 
Company, is with the Jam Handy Organization, 

Detroit, Mich. some years service 
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Figure 2. Influence 6f oxygen 
and silver on temperatures 
that will cause five per cent 
decrease in copper strength if 
applied one hour 

Each symbol represents a dif¬ 
ferent authority 

Underlined values are estimated 


Metallurgists will note the absence of 
history of the metal prior to cold-working, 
and degree of cold working, from this 
graph. The effects are relatively minor 
for the strengths, times, and tempera¬ 
tures involved in this problem. 

The results are admittedly crude. If 
the problem continues to be important, 
we might suggest that outdoor spans be 
set up, heated as desired, and tested 
regularly by X-ray diffraction until re¬ 


were made by D. McCutcheon of the 
Ford Motor Company, at the author’s 
instance. Figure 5i4 shows an unannealed 
specimen; Figure 5 B shows a piece 
heated for an hour at 150 degrees centi¬ 
grade; and Figure 5C shows a piece 
heated for an hour at 200 degrees centi¬ 
grade, The black spots in Figure 5C 
are from recrystallization, The speci¬ 
mens when broken in tension (points are 
shown by A, B , and C on Figure 1) 



crystallization begins. This method 
would not only avoid the duplication of 
samples that is necessary in destructive 
test methods to average out individual 
variations in material, but permits study 
of the effect of tension and vibration and 
also of intermittent heating. The latter 
three points have been completely ig¬ 
nored so far, and may be conceivably of 
major importance. 

The sensitiveness of the X-ray test is 
shown by Figure 5. These patterns 


Figure 3. Tempera¬ 
ture to begin weak¬ 
ening of copper wire 
held continuously in 
oven under no stress 

Beginning of weak¬ 
ening shown by one 
per cent decrease in 
hardness or five per 
cent decrease in 
tensilestrength(cold) 



Cooper 


Au- Initial 

thority Strength 

Silver Oxygen 

(Per (Per 

Cent) Cent) 

Test 

Method 

3a..57-59 

.0.001 ...0.009 . 

. .Vickers, 
tensile 

3c/..50± 

.0.0017 ...0.001 . 

. .Vickers 
numbers 

15. .36 

Not stated 

. .Tensile 
strength 

19. .51, 55, 57. 

.0.0005 ...0.07 . 

. .Scleroscope 

20, .59 

Not stated 

. .Tensile 
strength 

22..70 

.0.035- ...0.05 . . 

, .Tensile 


0.069 0.065 

strength 

23..42-62 

.Not stated 0.066 ., 

. .Tensile 
strength 
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showed 58.3, 56.5, and 40.5 thousand 
pounds per square inch strengths. 

Figure 5 D is from another strand in the 
same wire, subjected to the same treat¬ 
ment as Figure 5C. Only a moderate 
number of new crystals appear, and the 
strength was about 50 thousand pounds 
per square inch. This strand had more 
silver than its mates. 

To round out the subject of wire 
strength, we may add that there is no 
evidence that nicks or burns too small to 
call for replacement under normal good 
practice impose any lower limit; tests 
have shown that modern joints are equal 
to their proper wires in carrying capacity. 

lb. Wire Covering 

The dripping of compound and loss of 
dielectric may impose limits on the heat¬ 
ing of covered wires. 39 No results are 
yet available that include the time ele¬ 
ment Recent tests on URC covering 
indicate that it may safely be taken to 
100 degrees centigrade for ten hours. 

I c. Clearances 

To operate lines at high temperatures, 
the increased sag should be computed and 
the line surveyed to see whether that 
much loss of clearance can be spared, 
considering the expected frequency of 
heavy electric loading. As an example, 
sags after heavy ice-and-wind loading of 
a number 000 copper line with 600-800 
foot spans is about 2.8 feet more at 210 
degrees Fahrenheit than at 120 degrees 
Fahrenheit and 4.5 feet more at 270 de¬ 
grees than at 120 degrees. 

II. Temperature That the Wire 
Will Attain 

Ila. Wire Heating 

The studies of Schurig, 40 Luke, 41 
and others, 42 " 62 have given a reasonably 
good basis for predicting temperature 
rise of wires under a limited range of 
temperature rise and wind speeds. Fur¬ 
ther tests over wider ranges, and includ¬ 
ing various wind dirctions, were made by 
the Detroit Edison Company last spring, 
when decisions were required on the 
rating of certain transmission lines. 
Figure 6 shows a typical set of data. The 
curves are self-explanatory. 

According to these later tests, when 
there is no wind the temperature rise 
depends on the 1.9 power of current (run¬ 
ning from 1.8 to 2.0 for different wire 
sizes). As the temperature rose, the 
local air current induced by heating 
increased until at about 150 degrees 
centigrade rise the vertical air movement 


Electrical Engineering 





Figure 4. Temperature versus time to reduce was one half mile per hour. This circu- 

strength of copper wire by five per cent lation was more effective, per unit speed, 

For various silver contents when oxygen is in carr y in S a W heat than equal real 

0.02 per cent or more. The curve for 0.1 per wind speeds. This accounts for the 

cent silver also may be used for typical oxygen- difference in slope between the no wind 

free high-conductivity copper and wind curves. 



C. After one hour at 200 degrees centigrade D • H 'Sh silver-copper after one hour at 

200 degrees centigrade 


Figure 5. X-ray diffraction patterns for copper wire 


Wind, even at low speeds, was found to 
decrease temperatures materially. The 
temperature varies as the 2.3 power of 
current. The direction of wind is now 
of prime importance; when parallel to 
the wire, a 2.4 mile per hour wind per¬ 
mits temperature to rise 205 degrees 
centigrade compared with 180 degrees 
for wind at right angles to the wire. 

From data available at the time, the 
nomograms of Figures 7 and 8 were 
drawn. Some inconsistencies are being 
checked by further tests, but the charts 
are believed reasonably accurate. 

It will be noted that sunshine has had 
no place on these charts. At the ele¬ 
vated temperatures, the influence is 
minute. More important, we should 
note that wind is a more critical factor 
than is a variation of temperature in 
the range of ambients ordinarily en¬ 
countered. For instance, the following 
combinations will heat number 0000 bare 
copper wire to 100 degrees centigrade: 


Ambient 

T iit ui e ■ 

Wind Velocity 
(Miles Per Hour) 

(Deg C) 0 

12 5 

10_400. 

30....350. 

...540....570....650 1 res 

...480....510....600 ) p 


The temperatures listed, change the cur¬ 
rent about 12 per cent, whereas one mile 
per hour of wind increases the current 
about one third over the calm. 

II5. Weather 

Weather is really a corollary to part 
I la, but it takes so much effort as to 
deserve separate treatment. Because of 
the present shortage of copper, we cannot 



amperes 


Figure 6. Temperature rise versus current 

In number 000 bare stranded copper wire for 
various wind and surface conditions 
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Figure 7. Tempera¬ 
ture rise of bare cop¬ 
per wire and steel- 
reinforced aluminum 
cable 

When there is no 
wind 

increase current five 
per cent for black¬ 
ened conductors. 
Decrease current five 
per cent for bright 
conductor. Increase 
current 10 per cent 
for steel-reinforced 
aluminum cable con¬ 
ductors 


load. A preliminary study of the weather 
observatory records showed that in sum¬ 
mer, besides temperatures being high¬ 
est, winds were lowest. Therefore, rec¬ 
ords were compiled for summer only. 
Further scrutiny showed that the coin¬ 
cidence of rain and low winds was so small 
that rain can be neglected. 

Figure 9 shows the distribution of wind 
and temperature for each month from 
March through September, 1940 and 
1941, during the normal peak-load hours 
of 8 a.m. through 5 p.m. 

These data are condensed in Figure 10, 
with frequency plotted against wind speed 
for winds up to five miles per hour. The 
meagerness of high-temperature low- 
wind combinations is evident. 

Finally, Figure 11, showing frequency 
of various winds, regardless of tempera¬ 
ture, gives a straightforward curve for 
choosing wind speed after a permissible 
frequency has been selected. Data are 
for July and August (which Figure 9 
shows to have the worst combinations) 
for five years, and curves are plotted 
for both the part of the day when the 
electrical load is heavy and for the off- 
peak period. Percentage of calms is 1.5 
for on-peak hours, or on the average 6.5 
per month. 
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Figure 8. Temperature rise of 
bare copper wire and steel- 
reinforced aluminum cable 

From empirical data for average 
conditions (for wind = 0, see 
Figure 7) 
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work on the “safe side” assumptions of 
most adverse weather conditions. 

The procedure in finding reasonable 
combinations of wind and ; ’temperature 
to use in Figures 7 and 8 depends on the 
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refinement desired, and on the load cycles 
or emergencies being , studied. Figures 
9, 10, and 11 show one form in which 
data may be presented for normal rating 
of a circuit that has continuous daytime 
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On this basis, considering the number 
of hours the heavy load is expected to 
endure, the permissible operating tem¬ 
perature for the wire may t be selected 
from Figure 4 and corresponding current 
from Figure 7. 

Frequency curves are more important 
under emergencies, when they give data 
for comparing the coincidence of heavy 
loads with various weather conditions 
according to the theories of probability. 

Figure 12 shows a special case: aver¬ 
age wind and temperature following the 
passage of the intense phase of lightning 
storms, in an area where transmission 
line outages were almost all caused by 
lightning. There are no cases in which 
average wind was less than six miles per 
hour, and temperatures are generally 
80 degrees or cooler. Incidentally, on the 
average there were four hours of rain in 
the eight-hour period. With such data, 
wire rating may be specified for these 
conditions. This should be checked 
against the one-hour values, and allow¬ 
ance be made for the proper proportions 
of outages from other causes. 

This type of investigation requires 
much labor. It is often warranted, how¬ 
ever, by the increased rating that can be 
assigned to a line with reasonable assur¬ 
ance. Incomplete data may be mislead¬ 
ing but still not so much as values 
chosen by common-sense estimates. 

Electrical Engineering 



Summary of Conditions in References on Annealing of Copper 


Test Conditions 


Initial Conditions 


Ref¬ 

erence 

Num¬ 

ber 


Author 


Strength 
(Thousand 
Pounds Per 
Square Inch) 


Per Cent 
Cold Re¬ 
duction 


Type Copper 


Strand or Gauge 


Per Cent 
Silver 


Per Cent 
Oxygen 


Commercial 


Tension 
While 
Heated 
(Thousand 
Pounds 
— Per 
Square 
Inch) 


Variables 


Test 

Method 


Time 

(Hours) 


Temperature 

(Degrees 

Centigrade) 


1. .Wacker.02 

2. .Unknown . . . 02 
(00-57 
159-57 

3. .Voce.) 59-58 

50 ± 


4.. Beedle.65 

5. .Zickrick. 

6. .Bradley.73 

7. .Talbot. NS 

8. . Price.48 

9. . Jares.57 

10. . Bassett. 

11. .Bassett. NS 

12. .Taylor.Soft 

.30 


.6 


50 


.14-6 
.14-6 
.14-6 
.0.56 inch 


.6 

.34 


. NS 
.25 


13. . Parker, 


. NS 

.0 


. NS 
.NS 
. NS 

. NS 

.6 


. NS 
. NS 
.0.0017 
.0.001 
.0.00006 
.0.0017 
0.001 
0 

. NS 
. NS 
,. NS 
. NS 
. NS 
. NS 


NS 

NS 

0.001 

0.002 

0.054 


...NS 
. .NS 
. .0.001 
...0.019 
...0.030 
... 0.001 
. ..0.019 
. ..0.030 
...NS 
...NS 
...NS 
...NS 
. . .Low 
...NS 


.T 

. T, E 


.OFHC) 

• E f 

. . .0 

...T 

.EC ) 

.OFHC) 

■ E f 

. . .0 

.. . V 

.EC ) 

.10 

...T 


... 100-200 
. . .250 and 300 

.. .80 

1 and 24. . .200 and 600 
and 

x ... 250 

. ..100-150 
. ..225-325 
...25-500 


.48 

.0.05 


...£ 
...E 
. ..E 


. .0 
. .0 
. .0 


.J 

.TH* 
. T 


_150-1,000 

... 180 


See reference 24 


...NS 


...E 


NS 

0.035 

...NS 

...E \ 

...5 

..T 

. ..X 

r 200 

,0 

.0 

...OFHC 1 

.. .OFHC and j 
silver ' 

... High . 

.. T 

. . .X 

. . . J 200 

/ 200 and 250 


14. .Puller. 


( NS 

. . . NS 

...NS 

...NS 

. .NS 

...E) 

. . . High .. . ( 

{ NS 

...NS 

...NS 

. ..0.03 

...NS 

. .. L ) 
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OFHC— Oxygen-free high-conduc¬ 
tivity 

Not stated 

In column “Test Method” 

J —Judgment 
T —Tension test 


E —Elongation 
R —Rockwell hardness 
B —Brinell hardness 
V —Vickers 
5—Scleroscope 
H —Hardness 
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In column “Time" an indicates 
that a time-temperature curve is 

* Apparently tested while hot. Strength 
lowered at lowest temperature tried, 
t High in arsenic and antimony. 
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TEMPERATURE — DEGREES FAHRENHEIT 


Figure 9. Wind and 
temperature 

Number of hours 
occurrence ofvarious 
values at centrally 
located observatory 


III. Combination of Data 

When we take into account all the 
considerations discussed, the situation 
seems involved. If it is visualized as in 
Figure 13, the relations become clearer. 
Curves are plotted showing permissible 



May to September 1940-41, 8 a.m.~5 p.m. 
Fisure shows small number of cases at 90 
agrees Fahrenheit all with two miles per hour 
or more 


current against wind speed for number 
000 copper containing 0.004 per cent 
silver. Three conditions result: 

1. Continuous load (lowest curve). 

2. 20-hour single-circuit outage of a twin- 
circuit 120-kv line. 

3. One-hour outage of the same line. 

From Figure 4, the permissible tempera- 



Figure 11. Frequency and cumulative 
frequency of winds in July and August 
1935-40 
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Figure 12. Average wind—temperature 

For eight hours following storms that caused 
120-kv line openings in 1941. Values at 
centrally located observatory 
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Figure 13. Composite chart for selecting wire 
rating 

Number 000 HD copper 


tures are found to be 90, 150, and 200 
degrees centigrade respectively. Using 
these temperatures and reasonable am¬ 
bients, from Figures 7 and 8, we derive 
values of current for the expected range 
of wind. On this graph we indicate the 
probable wind-temperature combinations. 
Thus for case 1 the record shows an aver¬ 
age August wind of about six miles per 
hour. From Figure 13, we see that 
about 550-600 amperes can be carried. 
This is not enough to satisfy the condi¬ 
tions for long-time loading. There may be 
other lower limits. For instance, the 1.5 
per cent of calms in August, plus other 
hours of low wind, may impose a lower 
limit, even though the permissible tem¬ 
perature is higher. 

If we knew more about the effect of in¬ 
termittent heating upon annealing, we 
would be justified in developing a method 
of integrating the temperature-time re¬ 
lationship in a manner similar to the pro¬ 
cedure on transformers. 

The other curves and weather data 
shown on Figure 13 should be considered 
similarly. Such visualization indicates 
the range of currents that can be reason- 
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ably used and shows the desirability of 
adjusting the ratings to each set of con- 
ditions encountered in operation. 

This report summarizes a great deal of 
information of electric rating of over¬ 
head wires on a thermal basis. It gives a 
reasonable working basis for most cases 
but indicates there are many gaps to be 

filled: in finding how intermittent heating 

under tension and vibration affects heat¬ 
ing, the temperature limits on wire 
coverings, resolving some discrepancies 
in temperature-rise data, in computing 
expectancies of loads and weather com¬ 
binations, and in developing a simplified 
method of applying these data in the 
field. 
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Advantages of High-Speed Traction 

Motors 

C. A. ATWELL 

MEMBER AIEE 


T HE present use of high-speed light¬ 
weight propulsion motors on various 
types of traction vehicles is the result of 
an engineering evolution. An important 
phase of this development began ap¬ 
proximately fifteen years ago, but the 
greatest progress has been during the past 
seven years. The motors resulting have 
definite advantages over their larger and 
heavier predecessors, and it is the purpose 
of this paper to point out and evaluate 
the more important of these advantages. 

Historical 

Prior to 1927 practically all of the trac¬ 
tion motors in use on streetcars and inter- 


driven city and intercity transit vehicles 
and some types of mining and railway 
locomotives. The following discussion 
enumerates and evaluates the principal 
advantages of these motors: 

Reduced Size and Weight 

The principal feature that permits 
motor designs of decreased size and weight 
is the gearing used which allows higher- 
speed armatures. The maximum gear 
reduction usable on the axle-hung motors 
was around 6 to 1, and reductions used 
were usually around 5 to 1. This was 
because of an inherent limitation in gear 
reduction in the tie-up between the center 


urban and subway cars were of the axle- hnes of armature and axle, gear-tooth 

hung type, geared to the wheels by a strength, and clearance from gear case to 

pinion on the armature shaft and a gear ra ^* With the motor separated from the 

on the car axle. During the middle 20’s & ears > a gear ratio is selected which allows 

there was a demand for motors of much the motor armature to rotate at its highest 
lighter weight for use on gas-electric and economical speed. The result is that 


trolley coaches. This demand was met 
by the design of motors of considerably 
higher speed and connected to the wheels 
through propeller shafts and automotive- 
type axles. These early high-speed 
motors were somewhat hybrid in con¬ 
struction, utilizing experience obtained 
from the lightest weight axle-hung street¬ 
car motors and those used on electric 
battery trucks at that time. It is sig¬ 
nificant that nearly all of them used com¬ 
mutating poles and all employed anti¬ 
friction armature bearings. 

In 1928, the Westinghouse double¬ 
reduction W-N gear-unit drive was de¬ 
veloped for streetcars. This required a 
high-speed motor which had approxi¬ 
mately 35 per cent of the weight and 
double the maximum armature speed of 
its axle-hung predecessor. Since that 
time, much design, research, and operat¬ 
ing experience has been combined to pro¬ 
duce the modem motors that are used to¬ 
day on the various forms of electrically 


recom mended by the AIEE comi 
Sn, w anSP ^ ati ° n f0r P resen tation at the 
r^ h iJ k Dl . strict technical meeting, * 
mi Pn l 28 ” 30 ' 1943 ‘ Manuscript 

SES&KS: 1943: made avai,ab,e tor 


L A i? L . L is design engineer in the transporta, 
trie and M nng f depa f tment of Westinghouse Elec 
burgh?Pa DUfaCtUriDg C ° mpany at East ^tts 


traction-motor gear ratios from 6 to 1 up 
to 22 to 1 are now used, depending on the 
application and type of vehicle. 

The size and weight of a motor arma¬ 
ture are approximately proportional to 
its torque. Horsepower is proportional to 
the product of speed and torque. If a 
given horsepower rating can be obtained 
from more speed and less torque, the 
armature is smaller in proportion to the 
decrease in torque. Another reason for 
smaller armatures on recent motors is the 
saving in space effected by modern in¬ 
sulation of the armature coils. The de¬ 
velopment of thinner and stronger mica 
and glass tapes and wrappers has made 
this possible. Any decrease in armature 
diameter by improvements such as this 
means that the rotational speed can be 
increased further, and thus a still smaller 
armature for the same horsepower can be 
used. A smaller armature carries with it 
a reduced field structure, and therefore 
the whole motor is reduced in size and 
weight. Figure 1 shows a comparison of 
motor weights. The comparison is be¬ 
tween the latest light traction axle-hung 
motors A, and modern high-speed motors 
developed since 1935-3. The weights 
given are exclusive of gears or gear hous¬ 
ings in both cases. 

Figure 2 shows comparatively how the 


508 Transactions 


Atwell High-Speed Traction Motors 


size of traction motors having a one-hour 
rating of 125 horsepower has varied over 
a period of years. 

One of the advantages of the reduced 
motor size is the saving in material. The 
saving of copper is especially important as 
an aid to the war effort. The copper 
saving in motors used on 2,100 Presidents 
Conference Committee streamlined 
streetcars recently built in this country 
and Canada is approximately 1,250,000 
pounds. This saving is estimated by 
comparing the weight of copper in the 
present motors used on these cars with the 
weight of copper in the most recently de¬ 
signed axle-hung streetcar motors of the 
same rating. 



Figure 1. Motor weight comparison 

A Weights of most recent axle-hung street¬ 
car and interurban car motors 

B. Weights of modern high-speed traction 
motors 

Another important advantage of de¬ 
creased motor size and weight is the 
allowable reduction in truck or chassis 
size and weight. Modern streetcars, 
trolley-coach, or Diesel-electric-coach 
construction would not be possible if the 
modern light-weight motors were not 
available. 

Increased Ventilation 

The higher-speed armature pennits a 
fan design that provides increased ventila¬ 
tion. This causes the continuous rating 
more nearly to approach the one-hour 
rating. The slower-speed motors had 
continuous ampere ratings that were be¬ 
tween 60 and 75 per cent of the one-hour 
rated amperes. The high-speed motors 
have continuous ratings between 80 and 
90 per cent of the one-hour rating. 
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A B C 


Figure 2. Graphic comparison of traction 
motor body size 

A Rated 600 volts, 125 horsepower, 275 
rpm (developed in 1909) 

B. Rated 600 volts, 125 horsepower, 800 

rpm (developed in 1915) 

C. Rated 300 volts, 125 horsepower, 2,000 

rpm (developed in 1939) 

Higher Efficiency 

The high-speed motor is fundamentally 
more efficient than a lower-speed motor 
of the same voltage and rating. This is 
because fewer conductors of shorter length 
are required both in the armature and 
field coils. This reduces the copper PR 
loss which is a major part of the total loss 
especially at heavy accelerating loads. 
The iron losses and friction losses of the 
high-speed motor may become greater 
at low values of tractive effort, but the 
small per cent of operation at these low 
loads makes the reduction of efficiency 
here unimportant. 

Figure 3 shows a comparison of motor 
efficiencies of two 125-horsepower, 600- 
volt traction motors. A has a rated speed 
of 2,440 revolutions per minute and maxi¬ 
mum speed of 4,500 revolutions per min¬ 
ute, B has a rated speed of 800 revolu¬ 
tions per minute, maximum 1,800 revolu¬ 
tions per minute. 

Better Commutation 

The modern high-speed motors have 
better commutation than their predeces¬ 
sors. This is partly inherent in the 
higher-speed design and partly due to in- 



Figur 3. Comparison of motor efficiency 

A Rated 600 volts, 125 horsepower, 2,440 
rpm 

B. Rated 600 volts, 125 horsepower, 800 
rpm 
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Figure 4. Commutation comparison 

A. Motor rated 600 volts, 140 horsepower, 

930 rpm 

B. Motor rated 600 volts, 140 horsepower, 

2,000 rpm 

creased knowledge. The so-called “re¬ 
actance” voltage that tends to cause 
sparking at the brushes is dependent 
mainly on the number of armature con¬ 
ductors, armature size, and speed. The 
higher-speed armature has less conductors 
and is smaller, and this more than offsets 
the effect of increased speed. The use of 
the full number of commutating poles and 
brush arms, as well as greater care to 


pole magnetic circuit at heavy loads, have 
also been factors in producing improved 
commutating and flashing characteristics. 
Figure 4 shows a comparison of reactance 
or “sparking” volts for a low-speed and a 
high-speed motor. 

Improvements in Mechanical 
Construction 

Mechanical improvements have gone 
along with motor speed increases. Some 
of them have been stimulated by the 
higher speeds. Examples of these are 
accurate dynamic balancing, better com¬ 
mutator seasoning, and more accurate 
commutator surfacing. Once shop 
methods for performing these operations 
were established, they were found to be as 
easy to do as the less adequate methods 
formerly used for slower-speed armatures. 
The types of motor mounting have been 
simplified so that motor frames have be¬ 
come simple cylinders of rolled steel. 
Easily removable, simple commutator 
covers are used, allowing easy inspection 
of commutator and brush holders. 
Motors are being mounted so that they 
have the same spring-supported ride as 


avoid saturation of the commutatmg- 


Figure 5, High-speed 125- 
horsepower 300-volt motor for 
use with double- or triple- 
reduction gearing on Diesel- 
electric switcher locomotives 


jre 6. High- 
ed motors and 
N gear unit 
unted in truck 
high-speed trol¬ 
ley train 
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Figure 7. Mounting arrange¬ 
ment of motors, propeller 
shafts, gear units, and axles in 
Presidents Conference Com¬ 
mittee streetcar truck 


the passengers. This permits construc¬ 
tional simplification not allowable on a 
motor receiving direct impacts through 
wheels and axle. An example of this is the 
elimination of field-coil springs. Field 
coils are now made accurately to size and 
clamped solidly between a flat washer at 
the pole tip and the frame at the base of 
the pole. In the design of the stator, any 
improvement that decreases the frame 
diameter for a given armature diameter 
pays almost double in weight reduction. 
It not only reduces the amount of iron in 
the magnetic circuit but shortens the 
length of magnetic path, thus rapidly 
reducing the field turns required for the 
same flux. 

Improved Insulation 

Improvements in insulating materials 
and treatment processes have been nu¬ 
merous during the past few years. These 
improvements have been incorporated in 
the new motors as they were designed. 
Class A insulation is rarely considered in 


the design of new traction motors. Class 
B conductor coverings, tapes, and slot 
wrappers have been improved so that 
they are thinner, yet have increased di¬ 
electric and mechanical strength along 
with the ability to withstand high tem¬ 
peratures. Improved insulating varnishes 
and methods of treating coils before and 
after their assembly have made windings 
less liable to grounds. 

Ease of Maintenance Increased 

Ease of maintenance and therefore the 
cost of maintenance have been considered 
constantly in the design of modern high¬ 
speed traction motors. The reduced labor 
of handling because of the smaller size of 
complete motor and parts is an important 
factor. The use of grease-lubricated 
roller or ball bearings and a bearing 
housing construction that permits re¬ 
moval from the frame without exposure 
of the bearings or lubricant to dirt is an¬ 
other. With the present bearing and 
shaft construction, shaft breakages are 



Figure 8. High¬ 
speed traction mo¬ 
tors mounted in Dif¬ 
ferential Car Com¬ 
pany "axleles$“ truck 
for mining locomo¬ 
tives 



Figure 9. Armature of 140-horsepower trol¬ 
ly-coach motor complete with bearing hous¬ 
ings and bearings, weighs only 525 pounds 


practically unknown and bearing 1 re¬ 
placements are very infrequent. The 
cost of renewal parts and the difficulty of 
their replacement both have been reduced 
in this type of motor. 

Conclusion 


The modern high-speed traction motor 
as used today may be said to be the 
product of an evolutionary development 
and is based on sound engineering funda¬ 
mentals. The outstanding advance that 
has been made in reduction in weight and 
size has been accompanied by better 
commutation, increased ventilation, 
higher efficiency, and improved me¬ 
chanical construction. The various im¬ 
provements that have accompanied the 
increase in speed have combined to pro¬ 
duce a motor that is easier to place in a 
truck or chassis and is more trouble-free 
and easier to maintain than its prede¬ 
cessors. 
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A NUMBER of papers have been 
written which discuss individual 
pilot-wire relaying schemes. A recent 
paper presented by the relay subcom¬ 
mittee of the committee on protective de¬ 
vices 1 analyzed the pilot-wire circuit used 
in these relaying schemes. The present 
paper is a discussion of pilot-wire systems 
on a large metropolitan system where 
they have been in successful use for many 
years. The paper brings out the fact 
that pilot-wire relaying has many advan¬ 
tages over other forms of relaying because 
of selectivity and high-speed operation. 
It has also been found that the reliability 
of a complete relaying scheme is substan¬ 
tially better than would be expected from 
the record of the pilot-wire circuit as 
reported in the subcommittee paper at 
the 1943 winter technical meeting. 

The general use of pilot-wire relaying 
on the metropolitan system referred to 
was necessitated by some special char¬ 
acteristics of this system. The system 
has a large amount of generating capacity 
closely interconnected through short 
transmission lines. Therefore, phase iso¬ 
lation is used to reduce the short-circuit 
duty on circuit breakers and limit physi¬ 
cal damage from faults. This isolated 
phase system includes the use of neutral 
resistors which limit the ground fault 
current to such low values that the trip¬ 
ping time would be too slow with conven¬ 
tional overcurrent relaying schemes. The 
use of pilot-wire relaying permits accu¬ 
rate selectivity with these low fault cur¬ 
rents regardless of the switching arrange¬ 
ments of the transmission lines for various 
operating conditions. 

Practically all of the large industrial 
customers are served by cable loops out of 
stations or substations. The large num¬ 


ber of customers served by a single loop 
would tequire excessive time settings on 
overcurrent relays. Therefore, pilot- 
wire relaying was selected to permit an 
indefinite number of steps without in¬ 
creasing the relay timing. Figure 1 
shows the gain in relay time obtained by 
the use of pilot wires on the loop system. 
The overcurrent relays at the substation 
end of the loop (see Figure lb) provide 
back-up protection; those shown in the 
center section provide primary protection 
for this section and at the same time limit 
outages caused by back-up operations to 
one half the loop. 

On this power system, where large 
amounts of power are transmitted over 
relatively short distances, the trans¬ 
mission lines are of unusually low im¬ 
pedance. For this reason the use of dis¬ 
tance relays is not feasible. The short¬ 
ness of the transmission lines also favors 
pilot wires because the cost of pilot wire 
between stations, when added to the cost 
of relays at the terminals, results in a 
total cost for relaying comparable with 
the cost of distance or directional relays. 

The paper includes an economic com¬ 
parison to indicate that for reasonably 
short transmission lines, pilot-wire relay¬ 
ing is more economical than carrier re¬ 
laying in addition to having inherently 
simpler methods of obtaining selectivity. 

Description of Relaying Systems 

At the present, a number of different 
pilot-wire schemes are available for trans¬ 
mission-line protection. 3 ' 4 ' 5 * 6 These 
schemes vary considerably in method, 
some using a direct comparison of'cur¬ 
rents at the two ends of the line, while 
others use a derived d-c pulse to effect the 


comparison. This paper describes only 
those pilot-wire schemes which are being 
used on the power system under con¬ 
sideration. The first published reference 
to these schemes, one of which has been 
used on this power system for the last 
30 years, is a paper by R. F. Schuchardt 
in 1917. 7 These are circulating current 
schemes in which alternating current 
flows through the pilot wires. While all 
installations are of the same general type, 
they can be classified in the following two 
groups: 

Scheme 1 (Figure 2) is used on transmission 
lines consisting of three-conductor under¬ 
ground cable and operates for ground faults 
only. Under normal conditions, there is no 
residual current in the line with the result 
that there is no current in the pilot wires. 
Upon the occurrence of an external ground 
fault, current flows through the pilot wires, 
but the circuit is so devised that in each re¬ 
lay the currents in the two coils will be equal 
and opposite, with the result that the relays 
will not operate on an external fault. For an 
internal ground fault, the current through 
the two coils of each relay will not balance, 
and the relay will operate. A description 
of the current flow for external and internal 
faults is given in the appendix. The relays 
used on this scheme are simple two-coil 
balanced differential relays which require 
l 1 /2 amperes difference in current to operate 
and trip in approximately two cycles. On 
most lines to which this system is applied, 
the current setting corresponds to a pri¬ 
mary fault current which is lower than the 
full load current of the line. Recently, a 
new telephone-type relay was developed 
for this system which operates in one cycle 
with the same current setting. 

Scheme 2 (Figu’re 3) is similar in principle 
to the first scheme except that a special 
pilot transformer is used instead of a two- 
coil relay. By the use of four pilot wires and 
three sets of terminal equipment as shown, 
the scheme protects for all types of phase 
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Figure 1. Effect of 
pilot-wire relaying 
in reducing relay 
time settings on a 
loop transmission 
system 


and ground faults. The special transformer 
serves two purposes: first, the differential 
current is obtained from the transformer 
and, second, the current supplied to the 
relay is stepped up in value by the trans¬ 
former. This special transformer makes pos¬ 
sible the use of standard overcurrent relays 
and also results in a lower burden on the 
main current transformers, since a smaller 
value of current can be circulated through 
the pilot wires. This scheme is used on high- 
voltage lines consisting of single conductor 
underground cables and operates for all 
types of phase and ground faults. The 
high-voltage lines on which this scheme is 
used are considerably longer than the lines 
protected by scheme 1. This situation 
made it advisable to reduce the burden on 
the current transformers, and the special 
transformers were developed for this pur¬ 
pose. Most of these relay installations are 
set to operate at 0.7 ampere which corre¬ 
sponds to a primary fault current below full 
load current for the line. The latest installa¬ 
tions of this system use high-speed relays 
operating in one cycle. The flow of current 
in the pilot wires is not shown for this 
scheme, but it is similar to that shown for 
scheme 1 in the appendix. It will be noted 
that the resistors used for this scheme are 
one half the value used in scheme 1. This 
is necessary because the circulating current 
must pass through two resistors in series 
at each terminal for all types of faults. 

While the two schemes shown are the 
basic ones employed, a modification has 
been adopted to make possible the use 
of the two-wire scheme to protect for all 
types of faults. The method by which 
this is accomplished is shown in Figure 4. 
This method is applicable both for scheme 
1 and also a two-wire scheme using pilot 
transformers. The principle advantage 
of using four pilot wires and three relays 
instead of two pilot wires and one relay 
is that the relay target will identify 
which cable has failed in a transmission 
line using single-conductor cables. The 
modified scheme is used to protect three- 
conductor cables on tie lines between 
important substations. 

For scheme 1, which requires two pilot 
wires, three-conductor, number 12 pilot- 
wire cable is used. This is lead-covered 


underground cable with 3 / 6r inch rubber 
insulation rated at 500 volts. All new 
pilot cables are tested at 3,000 volts, 
alternating current, for one minute. The 
third wire in this cable is a spare and is 
used in routine testing of the relays. For 
scheme 2, four wires are needed and, 
five-conductor, number 12 cable is used 
of the same type as used for scheme 1. 

It is interesting to note that in all the 
schemes described the relay operation is 
independent of the source of fault current. 
Relay operation is the same whether the 
total fault current comes from either 
end or from both ends. The relay operat¬ 
ing currents at both ends of the line are 
equal and are a direct function of the total 
primary fault current. This condition 
holds even for the line open at one end. 

A scheme was developed for neutraliz¬ 
ing the effect of the capacitance of the 
pilot wires, but it has not been necessary 
to apply the scheme for this company. 
The longest line to which the relay system 
is now being applied has a length of ap¬ 
proximately 15 miles, and even for this line 
the capacitance of the pilot wires has no 
appreciable effect. Charging current of 
the main transmission line inherently ap¬ 
pears as fault current to the relay system, 
and with long, underground, high-voltage 
cables this factor is of some importance. 
For the long line previously mentioned 
it was found necessary to use a one- 
ampere setting of the relay instead of 0.7 
ampere used on shorter lines. 

Another characteristic of the schemes 
described is that it is desirable to use 
similar terminal equipment at both ends 
of a.line. Correct operation of the sys¬ 
tem depends on a definite division of the 
secondary currents, which, in turn, de¬ 
pends on the relative impedance of the 
terminal equipment. The use of dis¬ 
similar terminal equipment might result 
in a loss of sensitiveness, or the possi¬ 
bility of tripping on through faults. 

Obviously, all of the schemes described 
depend on the pilot circuit being in sound 
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condition for correct operation. Either 
an open circuit in the pilot wires or multi¬ 
ple grounds on these wires will result 
generally in incorrect operation. For the 
schemes which operate for phase faults, 
trouble in the pilot wires will result in 
tripping the line on heavy load currents 
when there is no fault. This is not seri¬ 
ous since it results in only one outage 
in a group of lines. For the schemes 
limited to operation on ground faults, 
trouble in the pilot wires will result in 
tripping of the line for an external fault. 
In all schemes, the special case of a short- 
circuit between pilot wires near the center 
of the line will prevent tripping for an 
internal fault on the power line. 

In recent years, the pilot-wire systems 
have been used to protect lines which are 
directly connected to transformers with¬ 
out a primary circuit breaker. The 
method employed is to use the pilot- 
wire system to protect the high-voltage 
line, and standard percentage relays to 
protect the transformer. The operation 
of the transformer relay open-circuits the 
pilot wire with the result that the line 
breakers at the far end of the line will 
open for a small value of fault current. 

This principle is also employed in some 
cases to trip the far end of a tie line be¬ 
tween important substations. The loca¬ 
tion of the current transformers used in 
the pilot-wire scheme is such that the 
zone of protection of the pilot-wire relay 
does not cover all the terminal equipment 
of the line. In many cases a fault-bus 
or overcurrent relay is available which 
protects the equipment not covered by 
the pilot-wire relays. In these cases, the 
operation of the fault-bus or overcurrent 
relay unbalances the pilot-wire system, 



Figure 2. Scheme using two pilot wires and 
protecting for ground faults only 
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Figure 3. Scheme using four 
pilot wires and protecting for 
all types of faults 
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thereby causing the far end of the line to 
be tripped. 

Abnormal Voltages on Pilot Wires 

As shown in Figures 2 and 3, the pilot- 
wire systems are isolated from all ground 
connections. With this arrangement, one 
ground on the relay system will not cause 
an operation of the relays. Also, the 
longitudinal induced voltage on an un¬ 
faulted pilot cable is so distributed that at 
each end of the cable one half of the total 
induced voltage is impressed from con¬ 
ductor to sheath. 

In general terms, the longitudinal in¬ 
duced voltage is a voltage induced along a 
conductor, which builds up a voltage 
between the conductor and ground. In 
the underground power system being 
discussed in this paper, the longitudinal 
voltage induced under fault conditions 
has a somewhat different character. In 
this system practically all the current in a 
ground fault returns to the source over the 
lead sheaths in the duct run carrying the 
faulted cable. The sheath of the pilot 
cable is connected- to the sheaths of the 
power cables at each manhole, and the en¬ 
tire group of sheaths is practically at 
ground potential throughout its length. 



Figure 4. Method for modifying pilot-wire 
circuit to make it operative for phase-to-phase 
and phase-to-ground faults 


Calculations and tests have shown that 
the longitudinal induced voltage can be 
calculated with sufficient accuracy with¬ 
out taking into account the flux linkages 
on the pilot cable. It is necessary to 
consider only the resistance drop in the 
lead sheaths caused by the return of fault 
current on this sheath. The longitudinal 
voltage in this case is the difference of 
potential between the two ends of the 
pilot-cable sheath. Also, it is the voltage 
that would appear between conductor and 
sheath at one end of the cable if the con¬ 
ductor were connected to the sheath at 
the other end. As noted previously, if 
the pilot-cable insulation is in good con¬ 
dition, one half of the longitudinal voltage 
would appear between the conductor 
and sheath at each end of the cable. 

All terminal equipment of the relay 
system is tested at 1,500 volts a-c for one 
minute, when placed in operation. The 
isolating current transformers are tested 
at 2,500 volts a-c for one minute. As 
previously noted, new pilot cable is tested 
at 3,000 volts a-c for one minute. 

The low values of ground-fault cur¬ 
rents which are obtained in this power 
system, combined with the fact that all 
transmission lines and pilot wires are in 
lead-covered underground cable, result 
in very low values of induced voltage on 
the pilot-wire system. Calculations and 
tests have shown that on practically all 
lines the maximum induced longitudinal 
voltage is considerably less than 1,000 
volts. For about five per cent of the 
transmission lines, the induced voltage is 
above 1,000 volts, and in the maximum 
case there are approximately 2,500 volts 
induced. However, even in this maxi¬ 
mum case, the effect of operating pilot 
wires ungrounded results in the voltage 
stress on the pilot wires and terminal 
equipment being within their insulation 
strength. 

In many cases, the rise of ground bus 
potential under fault conditions, caused 
by high grounding resistance, creates a 
problem in the protection of pilot-wire 
systems. 2 However, on this power sys¬ 
tem this effect is practically negligible. 
As stated before, most of the fault cur¬ 


rent returns to the station over lead 
sheaths, which, in turn, are directly con¬ 
nected to the ground bus at the station. 
This arrangement, combined with the 
fact that the total ground fault current 
is relatively small, results in extremely 
low values of ground bus voltages in the 
station supplying the fault current. 

As a result of the low values of induced 
voltage on the pilot-wire cables, it has not 
been found necessary to use any equip¬ 
ment on the cables to protect against 
transient overvoltages. 

Comparison of Privately Owned and 
Leased Pilot-Wire Circuits 

One important question that always 
arises in the application of pilot-wire re¬ 
lays is the use of privately owned pilot 
wires versus leased telephone wires. Pri¬ 
vately owned circuits are relatively high 
in cost; on the power system under con¬ 
sideration, the pilot cables used cost up 
to approximately $1,500 per mile in¬ 
stalled. No cost for ducts is included 
in this figure because pilot cables are 
generally installed in center ducts which 
do not have good heat-radiating capacity 
for power cables. This cost for privately 
owned circuits compares with a cost for 
leased wires of approximately $60 per 
mile per year, in the metropolitan area. 

Privately owned wires have several 
operating advantages. They make pos¬ 
sible the use of lower resistance wires 
which are preferable for the circulating 
current schemes described in this paper. 
Also private cables are of higher insula¬ 
tion strength and, therefore, are less sus¬ 
ceptible to the effects of induced voltage. 
These circuits are better protected from 
external damage and their service records 
show the benefits gained. Over a period 
of ten years, on this power system, there 
have been only five service failures on 218 
circuits, consisting of approximately 300 
miles of cable. This power system uses 
leased telephone wires on a telemetering 
system which consists of approximately 
120 circuit miles. In a two-year period 


Table I 


Per Cent 
Incorrect 

Relay System Operations Remarks 


All classes.3.7. . . 

Used on high-volt¬ 
age system.7.2, . . 

Pilot-wire schemes. . .3.7. . . 


Majority of relays, sim¬ 
ple induction type 

Includes many of the 
more complicated 
types 

Speed of operation fas¬ 
ter than other relays 
on high-voltage sys¬ 
tem, in many in¬ 
stances 
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Figure 5. Current flow for internal fault with 
all fault current supplied from terminal 1 

there have been eight emergency out¬ 
ages on this system, the duration ranging 
from a few minutes to five hours. 

Data on Operating Record of Pilot- 
Wire Circuits 

The number of pilot-wire circuits now 
in use on the power system under con¬ 
sideration, are as follows: 


Scheme 1. 155 circuits 

Scheme 2.25 circuits 

Modified scheme 1.38 circuits 

Total.218 circuits 


The total length of cable involved on 
these circuits is approximately 300 miles. 
During the last ten years there have been 


of a number operating in parallel. This 
situation also applies to those cases where 
a line tripped on through fault. There¬ 
fore, none of. the incorrect operations re¬ 
sulted in service interruptions. 

The high degree of reliability of the 
pilot wires has made it unnecessary to use 
any form of continuous supervision to 
check the continuity of the wires. The 
wires are checked semiannually as part 
of the routine relay test. 

A comparison of results obtained by 
different methods of relaying requires 
consideration of the relay speed neces¬ 
sary on the different parts of the system. 
On this power system, the largest num¬ 
ber of line relays is on the intermediate 
voltage transmission system where lines 
are short, stability is not a factor, and a 
simple time selection scheme is satisfac¬ 
tory. On the high-voltage system, in¬ 
cluding all lines in the interconnected 


wire cables out of service for cable re¬ 
arrangements and other types of work. 
These interruptions amount to a total of 
approximately 75 outages each year, with 
an average duration of about four hours. 
However, these outages are not impor¬ 
tant because they generally come at a 
time of the day when the line can be taken 
out of service without jeopardizing the 
service to customers. In many cases the 
pilot-wire cable can be taken out of serv- 
, ice without opening the transmission 
line, relying on back-up protection to 
clear faults that might develop during 
outage of the pilot-wire system. 

Comparison of Pilot-Wire Systems 
With Carrier Systems 

A brief study of the cost of carrier- 
current installations for relaying purposes 
shows that using the type of system de¬ 
scribed in this paper, pilot-wire systems 
are competitive in cost for lines up to 
approximately 20 miles in length. Using 
telephone wires, the pilot-wire system is 
competitive with carrier current up to 
lines of approximately 35 miles in length. 
The cost comparison definitely favors 
carrier-current relaying on longer over¬ 
head transmission lines. 

Pilot-wire relaying of the type described 
in this paper is inherently simpler than 


164 operations of the pilot-wire relay 
systems, of which six have been incorrect. 
Of the six cases of incorrect operation, 
one was caused by terminal equipment 
and five by trouble on pilot cables. 
Following is a detailed analysis of these 
six incorrect operations: 

In one case a terminal resistor was damaged 
by overloading during the testing of the re¬ 
lay system. As a result of this damage, the 
resistor was open-circuited and the line 
tripped out on a through fault. 

In one case a pilot cable was cut by mistake 
by an employe of another company, and 
the line opened on load current. In the 
process of locating the trouble in this pilot 
cable, a company employe cut another pilot 
cable by mistake with the result that a sec¬ 
ond line opened on load current. 

In one case a street-lighting circuit failed 
and caused the burning of a pilot cable, 
which caused an opening of the transmission 
line. 

In two cases a pilot cable was damaged and 
the conductors became short-circuited, with 
the result that the lines tripped on through 
faults. 

, In a11 cases of incorrect operation, the 
lines were tripped out either on load 
current or on external faults. In the 
cases where the line tripped on load cur¬ 
rent, service was not affected because the 
line which was tripped out was only one 



-- CURRENT FROM TERM *2 

-- RESULTANT CURRENT 


Fi gU re 6. Current flow for internal fault with the carrier-current systems now in use- 
equal currents supplied from the two terminals In the pil ot -wire system the comparison 

of conditions at the two ends of a trans¬ 
mission line is made directly, whereas, in 
group, the power concentration is greater the case of the carrier-current relaying, 

and stability is a factor on the long over- the comparison is an indirect one. In 

headlines. For this high-voltage system, carrier-current relaying it is necessary 

high-speed relaying is essential, and mod- first to translate the conditions at each 

em distance and carrier relays are being end of the line into a carrier signal, and 

used m these installations. the mechanism for doing so requires a 

Table I is a comparative record to show multiplicity of relay "elements, each of 

relay performance on this metropolitan which introduces some hazard to the 

system over a ten-year period. reliability of the entire system. It ap- 

In addition to the service outages re- pears, therefore, that for lines where pilot- 

erred to there are a relatively large num- wire relaying systems can be justified 

ber of planned interruptions of the pilot- from an economic viewpoint, they should 
wire systems. These outages are occa- provide a more reliable form of relay 

sioned by the necessity for taking pilot- protection than carrier-current relaying. 
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Conclusion 

Pilot-wire relaying is applicable over 
a substantial field in transmisson-line pro¬ 
tection. This scheme provides high speed 
and selective operation under all switch¬ 
ing arrangements. There are many types 
of pilot-wire-relaying schemes which 
have been developed over the past 30 
years. Only the schemes with which the 
authors have had operating experience are 
discussed in this paper. 

Induced voltage is one of the most com¬ 
monly discussed limitations to pilot- 
wire-relaying schemes. On overhead 
systems special precautions must be 
taken, but for this metropolitan system 
where both transmission lines and pilot 
wire are underground induced voltages 
have caused no trouble. 

On this metropolitan system the per¬ 
centage of correct operations, over the 
past ten years, is approximately the same 
as obtained from the very simple induc¬ 
tion relay schemes. On the other hand, 
the percentage of correct operations is 
appreciably higher than that obtained 
from the more complicated schemes, in¬ 
cluding high-speed distance relays and 
carrier relays which are required for 
modern high-speed switching. 

Pilot relaying is more economical than 
other schemes on relatively short trans¬ 
mission lines. Where pilot wires are 
usable, they are inherently more simple 
than other relays with comparable operat¬ 
ing speed. 

Appendix 

Figures 5, 6, and 7 show the flow of current 
in the pilot wires and relay coils for external 
and internal fault conditions. These dia¬ 
grams are based on scheme 1, but the same 
principles apply to the other schemes. 

In Figure 5 an internal fault is assumed 
with all current being supplied from one end 
of the line. The primary fault current is 
assumed to be of such a magnitude that the 
current in the secondary circuit of the iso¬ 
lating current transformer is four amperes. 
This current divides at the point where the 
isolating current transformer connects to 
the relay coils, in proportion to the imped¬ 
ance of the two paths. Three amperes flow 
into the coil connected to the resistor and 


Figure 7. Current flow for external fault 

one ampere to the coil connected directly 
to the pilot wire. The current of one am¬ 
pere flows through the pilot wire, through the 
two relay coils at the far end of the line, and 
back to the first terminal over the other 
pilot wire. This three to one division of cur¬ 
rent between the two coils is the same for all 
conditions and in all the schemes described. 
The ratio of the two currents is fixed by the 
value of the resistor in the circuit at each 
terminal, which in the case of the two-wire 
scheme is equal to the resistance of one 
pilot wire. With the value of the fault cur¬ 
rent chosen, the vector sum of currents in 
each relay for the case of Figure 5 is two 
amperes. Since the relays are set to operate 
at a net current of l 1 / 2 amperes, this fault 
current is sufficient to trip both relays. 
Note that the resultant current at the two 
terminals is identical, although the fault is 
fed from one end only. 

In Figure 6 an internal fault is again as¬ 
sumed, but, in this case, there is a current of 
four amperes supplied from each end of the 
line. The simplest method of analyzing the 
flow of current in the pilot-wire system is 
to use the principle of superposition. The 
diagram shows separately the flow of current 
supplied from each, end of the line. The 
division of current at the point where the 
isolating current transformer connects to 
the relay coils is based on the same principle 
covered in Figure 5; that is, three fourths of 
the current flows in the relay connected to 
the resistor and one fourth to the coil con¬ 
nected directly to the pilot wire. This dia¬ 
gram ‘also shows the resultant of the two 
circulating currents, which is the actual cur¬ 
rent flowing in the system. It will be noted 
that the resultant differential current in each 
relay is four amperes instead of two as in 
the previous case. This illustrates the gen¬ 
eral principle that the net current in each 
relay is a direct function of the total internal 
fault current. In this specific case of equal 
currents fed from the two ends of the line, 
the pilot-wire current is zero. This condi¬ 


tion holds only for this specific division of 
fault current. 

Figure 7 shows the condition for an ex¬ 
ternal fault with the magnitude of the cur¬ 
rent equal to four amperes in the isolating 
current-transformer circuit. Again, this 
diagram uses the principle of superposition 
to show the flow of current. It will be noted 
that the flow of current from terminal 1 has 
the same magnitude and direction as for the 
case shown in Figure 6. For the current 
from terminal 2 the current has the same 
magnitude but is opposite in direction be¬ 
cause of the through-fault condition. The 
effect of this reversal of direction is to give 
equal and opposite currents in the two relay 
coils. This illustrates the general principle 
that for a through fault of any magnitude 
the currents in the relay coils will be equal 
and opposite, with the result that there is no 
tendency for the relay to operate on such 
faults. 


References 


1. Pilot-Wire Circuits for Protective Re¬ 
laying—Experience aNd Practice, AIEE com¬ 
mittee on protective devices. AIEE Transac¬ 
tions, volume 62, 1943, May section, pages 210-14. 

2. Protection of Pilot-Wire Circuits, E. L. 
Harder, M. A, Bostwick. AIEE Transactions, 
volume 61, 1942, September section, pages 645-52. 

3. An Improved A-C Pilot-Wire Relay, J. H. 
Neher, A. J. McConnell. AIEE Transactions, 
volume 60, 1941, January section, pages 12-17. 

4. A Single-Element Differential Pilot- 
Wire Relay System, E. L. Harder, M. A. Bost¬ 
wick. The Electric Journal, November 1938, pages 
443-8. 

5. Pilot-Wire Relay Protection, E. E. George, 
W. R. Brownlee. AIEE Transactions, volume 54, 
1935, November section, pages 1262-9. 

6. The XJse of Communication Facilities in 
Transmission-Line Relaying, J. H. Neher. 
AIEE Transactions, volume 52, 1933, pages 
595-602. 

7. The Protective Equipment on the System 
of the Commonwealth Edison Company, R. F. 
Schuchardt. AIEE Transactions, volume 36, 
1917, pages 377-89. 


August 1943. Volume 62 


Le Clair , Michels on — Pilot- Wi re Relaying 


Transactions 515 



Interim Report on Overloading 
Distribution Transformers 

AiEE COMMITTEE ON ELECTRICAL MACHINERY 

Transformer Subcommittee 


Preface: The present war emergency re¬ 
quires that the maximum use be made of 
existing equipment and systems and that a 
minimum of critical material be used for 
new equipment. 

This publication, as well as other guides 
and reports in this series, has been prepared 
for the information of users during the war 
emergency. Upon termination of the war 
emergency, they will be reconsidered by the 
standards committee and the committees 
that prepared them, and will be approved, 
revised for normal use, or rescinded. 

This procedure is being followed in 
preference to the preparation of special 
emergency standards which might involve 
redesigning and drastic changes in manu¬ 
facturing practices. These guides will ac¬ 
complish the maximum conservation of 
critical materials, since they provide for the 
maximum use of existing equipment and 
systems, as well as new equipment, without 
changing the fundamental basis on which 
the present standards have been prepared. 


T HE “Interim Report on Guides for 
Overloading Transformers and Volt¬ 
age Regulators,” which was presented at 
the AIEE summer convention, June 22, 
1942, and was published in the September 
1942 issue of Electrical Engineering, 
gave information on the overloading of 
all types of transformers and of voltage 
regulators. 

The interim report gave basic principles 
to be followed for determining permissible 
overloads with normal life expectancy 
based on the assumption that the trans¬ 
former would be operated continuously 
throughout its life on the basis of the 
assumed conditions. It also gave tables 
and charts covering permissible emer¬ 
gency overloads with moderate sacrifice 
of life expectancy. The data given result 
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in conservative overloads for all types and 
sizes of transformers. 

It must be recognized, however, that 
such overloads may be too conservative 
for some small distribution transformers 
where the temperature rise is appreciably 
lower than the specified rise on account of 
the use of a tank larger than necessary for 
thermal requirements, because general 
rules and tables such as those given in the 
“Interim Report on Guides for Overload¬ 
ing Transformers and Voltage Regula¬ 
tors” must be made to fit transformers 
of all kinds, varieties, and sizes (within 
certain limits) having different design 
characteristics. 

It is difficult to fix specific limitations 
for operation of distribution transformers 
because of the multiplicity of factors 
governing such operation. 

For distribution applications the shape 
of the load curve imposed upon a trans¬ 
former will vary for each application. 
Although for larger-sized distribution 
transformers the load curve may be com¬ 
parable to that for a complete distribu¬ 
tion system, for the smaller units, such 
as used on residential and commercial 
applications, the load curves are usually 
very complex and are not classified so 
readily in terms of load factor as are the 
load curves for power transformers. 

The thermal characteristics of distribu¬ 
tion transformers also are affected by 
numerous factors. Small distribution 
transformers inherently have greater 
cooling ability per kilovolt-ampere than 
larger sizes with the result that they have 
greater thermal ability. In addition, the 
particular design has greater influence on 
the permissible load than any other factor 
being considered. The establishment of 
thermal characteristics for each size, type, 
and manufacture of unit would be a tre¬ 
mendous task. 

In distribution transformer applica¬ 
tion, consideration must always be given 
to permissible voltage drop and voltage 
variation in the transformers and the rest 
of the system as well as to the thermal 
characteristics of the transformers. In 
some cases, voltage drop rather than ther¬ 
mal capacity may be the limiting factor 
in the loading of distribution transform¬ 
ers. 


While it would be desirable to have 
recommendations that would more nearly 
cover the ultimate load capabilities of 
these smaller units, specific recommenda¬ 
tions must depend on factors peculiar to 
individual systems and loads to such ex¬ 
tent that it seems impractical to produce 
data that can be applied generally. 

The overloads for transformers recom¬ 
mended in the “American Standards for 
Transformers, Regulators, and Reactors, 
C-57.3” and in the “Interim Report on 
Guides for Overloading Transformers and 
Voltage Regulators” are based on actual 
load values. Various methods of esti¬ 
mating loads on distribution transform¬ 
ers are in common use. These methods 
do not always give results on a basis com¬ 
parable to the actual load values given in 
the afore-mentioned reports. 

It seems necessary, therefore, that 
those users seeking the near ultimate in 
loading' of distribution transformers base 
their thoughts and conclusions on the 
particular characteristics of the equip¬ 
ment and loads peculiar to their own 
systems. They will find some assistance 
in the guide and report referred to pre¬ 
viously and in the papers listed in the 
references. 
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Adequate Electrical Maintenance 
Essential to Transportation 
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Synopsis: The demand for public trans¬ 
portation is increasing rapidly under present 
conditions of accelerated industrial activity. 
Adequate maintenance of electrical appa¬ 
ratus on rolling stock is essential to avoid 
impairment to the wai effort. Measures 
which will assist to retain generators, motors, 
and control in service practically 100 per 
cent of the time are proper operation, effec¬ 
tive inspection, preventive maintenance, 
keeping apparatus clean, accurate adjust¬ 
ments, prompt worn-part replacements, 
undelayed commutator conditioning, use 
of improved insulation, and correct lubrica¬ 
tion. More careful attention to all of these 
factors during the present emergency will 
assure maximum rolling stock availability. 

Maintenance of Transportation 
Electrical Apparatus and the 
War Effort 

A MERICANS are confirmed opti¬ 
mists. They like to believe that 
life, somehow, works out for their indi¬ 
vidual good. But today, we are faced 
with a transportation situation which can 
ruin our entire internal economy just as 
surely as being bombed to destruction. 
Goods and people must be moved to 
places where they are needed to be effec¬ 
tive in the war effort. Electric locomo¬ 
tives, suburban cars, rapid transit trains, 
streetcars, trolley coaches, and Diesel- 
electric buses are doing their bit in meet¬ 
ing this demand. The adequate main¬ 
tenance of electrical apparatus on this 
rolling stock is a vital factor in providing 
the necessary supply of war materials. 

Armies and navies are useless without 
the tools of battle. Materials and workers 
must be moved to and from industrial 
plants to produce these tools. The need 
for maximum productive capacity makes 
such transportation essential to the war 
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effort. The “maintenance front” for 
generators, motors, and control on loco¬ 
motives, cars, and coaches must be one 
that utilizes all available facilities expedi¬ 
tiously. There can be no overestimating 
the importance of this action or the 
seriousness of the situation. The main¬ 
tenance of electrical apparatus on rolling 
stock requires planning, supervision, and 
execution that will assure continuity of 
service from every piece of equipment 
available. 

Adequate Maintenance Needed 

The steadily mounting demand for 
transportation has produced an acute 
condition, both on the city transit systems 
and the railroads. The total number of 
passengers handled by city properties in 
1942 was 24 per cent above the figure for 
the year 1941. In the case of the rail¬ 
roads, passenger traffic attained an all- 
time record as measured by passenger 
miles. In 1942 (11 months) the increase 
was 80 per cent in comparison with a like 
period in 1941. A corresponding figure 
for the step-up in freight ton-miles is 
35 per cent above the previous year. The 
allocations of material to build new loco¬ 
motives, cars, and coaches are far below 
needs, and this demands maintenance 
standards that establish maximum avail¬ 
ability for all existing rolling stock. 

The loss of trained personnel to the 
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armed forces and war industries contrib¬ 
utes to the difficulties of maintaining 
transportation electrical apparatus. This 
is reflected in improper handling of equip¬ 
ment as well as lack of knowledge of how 
to make repairs. The necessity for utiliz¬ 
ing operators and enginemen who fail to 
measure up to normal standards has pro¬ 
duced a substantial increase in damaged 
rolling stock. Also, the number of experi¬ 
enced shop men is reduced, which further 
complicates- the problem. Turnover has 
been stepped up, and more time is re¬ 
quired for training new employees. 

The lack of a sufficient supply of rolling 
stock and the constantly increasing traffic 
demands have established a definite need 
for adequate maintenance. The condi¬ 
tion is made more serious by the decrease 
in the number of skilled workmen. A 
demand has been created for more effec¬ 
tive planning and more dependable main¬ 
tenance practices. The problem is one 
requiring ingenuity and resourcefulness 
to assure a reasonable measure of success 
in meeting an extremely difficult situation. 

Providing Effective Electrical 
Maintenance 

The demand for adequate generator, 
motor, and control maintenance requires 
improvements in supervision. There 
must be better administration and direc¬ 
tion in order that the available man 
power can be used to the best advantage. 
It is the duty of the supervisory forces 
to ascertain how to get a better job done 
with an expenditure of the same or fewer 
man-hours. The time which is saved by 
doing a job in a more simple manner is 
worth as much, if not more, than if it is 
secured by making additions to the work¬ 
ing force. Supervisory planning is useful 
as a means to avoid abusive operation of 
rolling stock, provide effective inspection 
procedures, and make full utilization of 
preventive maintenance. 

The attainment of efficient execution of 
maintenance procedures, once they are 
established, is vital under present war¬ 
time conditions. The limited supply of 
rolling stock, maintenance parts, and 
man-hours makes it imperative that there 
be no waste. Those who direct the activi¬ 
ties must follow all work closely and 
see that it is done in a manner conforming 
to practices which produce the best re¬ 
sults. This requires a broader knowledge 
of progress in the industry and more at¬ 
tention to details than has been custo¬ 
mary in the past. Some of the measures 
which are productive are keeping appa¬ 
ratus clean to improve operation, making 
accurate adjustments to insure correct 
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functioning, replacing worn parts im¬ 
mediately to prevent - possible failures, 
conditioning commutators promptly to 
avoid major repairs, using improved insu¬ 
lating materials to prolong the life of 
windings, and providing correct lubrica¬ 
tion to assure greater dependability. 

Proper Operation 

Abusive operation of rolling stock 
should be avoided since the ultimate re¬ 
sult is lowering the standard of service 
provided. A schedule may be completed 
and a job done at the time the damage oc¬ 
curs, but the loss on some future occasion 
is likely to be many times the immediate 
gain. Safety can be a justification of 
emergency handling, or a “net” contri¬ 
bution to the war effort may warrant 
such action. 

On one city property, motor failures 
during the severe weather of the past 
winter resulted in the operation of as 
much as 5 per cent of the equipment with 
three motors instead of four. A three- 
motor car is overloaded and the machine 
operating alone severely punished. The 
ultimate result is an increase in total 
failures and the number of cars out of 
service. Perhaps a long-range plan to use 
higher-grade repair materials would avoid 
this situation—a procedure which is 
proving effective on many city transit 
systems. 

Another burden on the maintenance 
personnel is a substantial increase in 
damaged rolling stock. This is particu¬ 
larly true on city properties where it has 


been necessary to make use of many in¬ 
experienced operators. A similar condi¬ 
tion exists in locomotive operation be¬ 
cause of such practices as overloading 
Diesel-electric engines by hauling heavy 
tonnages at low speeds, damaging motors 
on switcher engines by exceeding maxi¬ 
mum safe-speed limits, holding on grades 
with power on, leaving partial power on 
the motors after making stops, and 
bringing trains in with motive power 
partly inoperative. The trend in damaged 
generators, motors, and control is upward 
at a time when every piece of rolling stock 
is needed. This is a supervisory problem 
—one where co-operation between me¬ 
chanical and transportation or operating 
departments has demonstrated its value 
in securing maximum use of coaches, cars, 
and locomotives. 

Effective Inspection 

Regularity of inspection is a definite 
benefit in reducing failures and lowers the 
over all man-hours required for mainte¬ 
nance work. Road failures frequently 
prove costly, and measures to eliminate 
them are essential. Too frequent atten¬ 
tion is often as unsatisfactory as neglect. 
In the former case, an excessive amount of 
“tinkering” produces trouble, and it is 
better to let the apparatus alone until 
attention is known to be needed. One 
procedure under present emergency condi¬ 
tions is to do more “looking” and less 
work. However, the examination must 
be by men experienced in detecting pos¬ 
sible sources of trouble. 


Results indicate that inspection offers 
an opportunity for supervisory studies to 
adjust frequency to the exact require¬ 
ments of the particular location and 
equipment. Naturally, there is consider¬ 
able variation in needs, and schedules are 
fixed by items requiring the most fre¬ 
quent attention. Consideration of each 
part to determine its operating time with¬ 
out attention will disclose if this can be 
made longer. Inspection of routine 
items may be extended, provided the 
condemning limit is reached after the 
next scheduled examination. Changes in 
design to extend the inspection time of 
parts which establish limitations have 
proved helpful. 

Definite inspection plans are employed 
which divide the work into classes based 
on frequency. The use of a central loca¬ 
tion for all rolling stock has demonstrated 
its advantages. Various jobs are special¬ 
ized, and, with men trained for specific 
duties, man-hour requirements are 
lowered. Also, the provision of tools to 
operate on a “production-line” basis de¬ 
creases the time for each job. Check lists 
are beneficial in securing complete cover¬ 
age. Each man must know his duties, 
and a check list gives the details of what 
is required. Such lists can be worked out 
for individual properties to meet the 
needs of the equipment operated. 

Preventive Maintenance 

Preventive maintenance—making re¬ 
placements or repairs before defects oc¬ 
cur—has been utilized with excellent re¬ 
sults. A part of such a program that 
has proved advantageous is the exact 
determination of the cause of failures to 
avoid repeaters. For example, a genera¬ 
tor or motor may break down because of 
a weakness within the machine, a defect 
in the control, or an improper operating 
condition. The same may be true of a 
control failure. If the defect is outside 
the particular piece of apparatus that is 
injured and remains undiscovered, re¬ 
placement of the damaged part is almost 
certain to result in a recurrence of the 
trouble. This happens frequently on 
many properties and is chargeable to in¬ 
adequate maintenance. 

Experience has demonstrated that “re¬ 
peaters” can be eliminated. An effective 
system on one city property is the pro¬ 
vision of a staff of assistant equipment 
engineers under the direction of the equip¬ 
ment engineer. Definite apparatus as¬ 
signments are made, and it is the duty 
of each assistant equipment engineer to 
follow continually all items under his 
jurisdiction. When failures occur, or 



Fisure 1. Elec¬ 
trically propelled 
transportation rol¬ 
ling stock which 
must be kept 
running to assist 
in the war effort 


518 Transactions 


Clardy—Maintenance of Electrical Apparatus 


Electrical Engineering 




wear appears abnormal for a particular 
part, it is investigated and recommenda¬ 
tions made to eliminate weaknesses that 
may exist. Exceptional freedom from 
trouble has been attained on this property. 

Overhauls constitute the backbone of 
preventive maintenance. Under the 
present difficult conditions there is a de¬ 
cided tendency to neglect this work. 
Such a procedure will ultimately lead to 
a breakdown on the transportation system 
and require “heroic” measures to re¬ 
establish satisfactory operation. Results 
have shown that overhauls in accord with 
a regular schedule are essential, and they 
must be complete. 

Keeping Apparatus Clean 

Dirt can be defined as material which is 
foreign to any part of a piece of electrical 
apparatus. For example, oil or grease are 
classified as dirt when they are on cables, 
windings, and commutators. Dust par¬ 
ticles constantly are forming a blanket 
over windings and confining the heat. 
Dust accumulates between motor fields, 
plugs up armature ventilating ducts, 
enters armature slots, and reduces V-ring 
creepage distances. It serves as an 
abrasive on commutators and in brush 
boxes. Its spongelike nature permits 
soaking up harmful fumes, moisture, oil, 
and acid, thus bringing them in proximity 
to windings. It clogs controller cams, 
interferes with relay operation, causes 
interlock misfunctioning, and contami¬ 
nates oil. 

As a result of the presence of dirt, 
motors are overloaded, throw solder, be¬ 
come grounded, aiid require rewinding. 
Brushes stick in brushholders, brush 
spring action is impaired and commuta¬ 
tors damaged. The reduction of creepage 
distances causes grounds and flashing, 
thus leading to failures. The dust 
blanket overheats control coils, damages 
bearing surfaces, causes relays in inter¬ 


locks to misfunction, impairs cylinder 
operation on pneumatic switches, and 
clogs magnet valves. Dirt in bearing 
lubricant is certain to result in short 
bearing life. 

Experience shows that keeping motors 
and control clean is insurance of increased 
availability. Man-hours are saved by 
care and attention to a regular cleaning 
schedule for removal of dirt before trouble 
occurs. Compressed air is used for this 
purpose, but care should be taken that it 
is dry and contains no foreign material. 
Exposed surfaces can be wiped with clean 
dry cloths after compressed air is em¬ 
ployed. Locating ventilating intakes 
where clean air is obtainable and applying 
tight fitting covers to keep dust out of 
the apparatus has proven helpful. Regu¬ 
lar overhaul of motors and control affords 
an opportunity for much needed thorough 
cleanings. This is another reason why 
maintaining the overhaul schedule is es¬ 
sential. 

Accurate Adjustments 

Checking apparatus to see that adjust¬ 
ments correspond to values that give cor¬ 
rect functioning is necessary to secure 
satisfactory operation. Instruction books 
and check lists include data indicating 


what is needed to insure proper perfor¬ 
mance and avoid failures. The use of 
gauges wherever practicable gives uni¬ 
formity and limits the time consumed in 
making adjustments. 

Maintaining brush tension accurately 
is needed to secure good commutation and 
can be checked readily with a small 
spring balance attached to the brush pres¬ 
sure finger. Commutators must be con¬ 
centric and, when deviation is suspected, 
can be verified with a dial indicator. Unit 
switches need to be free from sluggishness 
when closing. In the case of pneumatic 
types, cylinder travel is required to meet 
specific limits and accurate adjustment of 
magnet valves obtained. Finger pressure 
on reversers and interlocks must be main¬ 
tained at recommended values. Correct 
relay settings, especially for overload and 
operating currents, contribute to protec¬ 
tion and proper functioning. In some 
cases gauges have been developed for 
verifying gaps and spring tensions, thus 
speeding up relay work. 

Prompt Worn-Part Replacements 

Worn parts demand prompt attention 
to assure that none are left in service 
except those which are certain to run 
until the next inspection. Otherwise, 
failures in service may occur which often 
prove costly. The inclusion of condemn¬ 
ing limits for various wearing parts in 
check lists provides a convenient reference 
for determining when a part should be 
removed. Such limits are subject to varia¬ 
tion for different localities and types of 
service. 

Generator and motor brushes require 
regular replacement, since they are in 
constant use. Current collection and 
mechanical friction cause them to wear 
out, the life varying with differences in 
operating conditions. Control parts that 
have maximum usage and require most 
frequent renewals are contact tips (main 
switch, cam switch, and interlock), arc 
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horns, and arc chute sides. There may be 
occasional worn shunts, damaged resistor 
units, and, in the case of pneumatic 
switches, broken cylinder springs. 

When abnormal wear of parts occurs, 
it is an indication that an unsatisfactory 
condition exists. This is a warning which 
requires corrective action. Replacement 
of parts which appear to be possible 
causes of faults has done much to mini¬ 
mize maintenance work. There are items, 
such as brushholder boxes, brushholder 
pins, controller bearings, switch armature 
shafts, and switch hinge pins that are 
subject to relatively slow wear. The 
normal procedure is to make necessary 
renewals during heavy inspections or when 
the equipment is overhauled. 

Undelayed Commutator 
Conditioning 



constructed and support the complete 
armature with its bearings and enclosures. 

Improved Insulation 

Insulation (class B ) is now obtainable 
made from asbestos, glass textiles, and 
mica that provides exceptional durability 
and is far superior to the high-temperature 
materials of a few years ago. The life of 
windings is being materially increased by 
making substitutions for combustible 
substances (class A ), thus stepping up 
heat-resisting characteristics. Advantage 
is being taken of high-temperature insula¬ 
tion when making repairs to improve the 
performance of older electrical apparatus. 
This procedure increases the “capacity 
margin" and assists in bettering avail¬ 
ability at a time when eveiy effort should 
be made to reduce “repair man-hours." 

Dipping and baking of armatures and 
fields at regularly scheduled intervals pro¬ 
longs the' life of insulation. The frequency 
of such work is dependent on the condi¬ 
tions existing in the localities where the 
equipment is operated. For example, 
there will be differences for cold, hot, wet. 
and dry climates. Also the dust content 
of the atmosphere is an important con¬ 
sideration. A check of the condition of 
the insulated surfaces is the best indi¬ 
cation of what is needed. 

Improvement in varnishes is another 
factor having a direct bearing on dipping 
and baking practices. The heat-setting 
or heat-reactive synthetic-resin types 
represent an important development in 
varnish making. Curing is by heat reac¬ 
tion rather than oxidation as occurs with 
the oil types. The heat hardening pro¬ 
duces an “all through" drying even for 
thick films and in restricted locations. 
Some of the characteristics of the var¬ 
nishes are excellent resistance to moisture, 
oil, weak acids and alkalies; good dielec¬ 
tric strength; long life; ready penetra¬ 
tion; complete drying by baking; tough 


The appearance of commutators is an 
excellent indication of the condition of 
the complete equipment. Poor commuta¬ 
tion is evidence that something is "wrong, 
and the cause may not always be within 
the machine. The condition is a warning, 
and it is usually ample since commutators 
seldom fail suddenly, to ascertain the 
reason for unsatisfactory performance. 
Investigation and prompt correction of 
conditions that produce poor commuta¬ 
tion always reduce “maintenance man¬ 
hours." It is essential that the surface 
of commutators be kept smooth and true 
as this has a direct bearing on their life 
and that of the brushes. Burned spots 
may result because of surge currents which 
flow during short circuits or when power 
and brakes are applied simultaneously. 
Such spots cause the brush to leave the 
commutator momentarily since it is un¬ 
able to follow the contour as fast as the 
commutator rotates. Thus, the burned 
spot becomes progressively worse. It is 
necessary to smooth the surface and bring 
the commutator back to concentricity. 


Figure 4. Fixture to hold armature firmly in 
position when assembling bearings and 
housings 

One method of grinding is by means of 
a rig which is attached to the frame of 
the machine. A generator or motor is 
run at slow speed during the operation. 
When working on a motor the wheels are 
jacked up and power supplied from a 
welding generator or the trolley. In the 
latter case, the motor is brought up to 
speed by placing the controller on the 
first notch. Power is then shut off, and 
the grinding done while the speed drops 
to a lower value. Light cuts are made to 
avoid deflection of the rig and impairment 
of concentricity. A dial indicator serves 
to check accuracy, and after the operation 
has been completed, the slots must be 
cleaned and all dust blown out of the 
machine. A second method for grinding 
a commutator with the armature in its 
own bearings is the provision of a fixture 
for shop use when the armature is out of 
the machine. Such devices are easily 



Figure 5 (left). 
Inspecting the 
accelerator and 
contactor group 
of a modern 
street-car control 
equipment 


Figure 6 (right). 
Procedure fol¬ 
lowed in tighten¬ 
ing the contact 
tips of a mag¬ 
netic contactor 
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resilient surface film; reasonable curing 
temperature, and ability to withstand 
high class B temperatures. 

The measurement of insulation resist¬ 
ance is a valuable tool for “preventive 
maintenance” and is usable to save many 
service interruptions. It is subject to 
wide variations, and the factors which in¬ 
fluence measurements must be known and 
viewed in relation to each other. Tem¬ 
perature, moisture, test voltage, and the 
length of test are the important items to 
be considered. Standards can be fixed 
for various pieces of apparatus and 
measurements taken at regular intervals. 
When unsatisfactory values are observed, 
this is a warning that corrective action is 
needed. The measurement of insulation 
resistance will also assist in determining 
dipping and baking frequency. 

Correct Lubrication 

Care is required in the selection of the 
correct lubricant for various pieces of ap¬ 
paratus in order to secure satisfactory 
results. In the case of waste-packed axle 
and armature bearings, straight mineral 
oils appear best. Summer grades are 
required during hot weather and winter 
grades when it is cold, the suggested 
dividing line being 40 degrees Fahrenheit. 
This assures a more nearly constant rate 
of feed, since viscosity is the determining 
factor. Packing must be correct with a 
vertical wool yarn wick adjacent to the 
journal or shaft and a tightly filled box to 
hold the wick in place. 

Gears and pinions require special at¬ 
tention to assure proper operation. The 
lubricant which is used must maintain its 


consistency and contain no nonlubricating 
components, have exceptional adhesive 
properties, be of sufficient body to with¬ 
stand high tooth contact pressure, have 
freedom from acids, be applied easily, 
have enduring qualities and possess noise- 
deadening characteristics. Possibly the 
properties of stickiness and load-carrying 
ability are most important. There is 
need for the careful selection of summer 
and winter grades where wide temperature 
variation occurs. 

It has been found that grease does the 
best job in lubricating antifriction bear¬ 
ings. Occasionally such bearings are al¬ 
lowed to run too long without lubrica- 
tioh, but more often the attention re¬ 
ceived is too frequent. The result of 
overgreasing is an increase in the operat¬ 
ing temperature. Tolerances are excep¬ 
tionally close and are comparable with 
those in fine time pieces. Bearings must 
be kept clean, since dirt means damage. 
When greasing, take precautions to keep 
the cover on the grease can, use a clean 
instrument to remove grease from the 
can, and avoid overgreasing. Housings 
should be one-fourth to one-half full. In 
the case of a new bearing, the housing 
should be one-third full, but the bearing 
space should also be filled. A relief or 
drain plug for use when greasing will pre¬ 
vent the overgreasing danger. It is de¬ 
sirable to apply such plugs on older type 
bearings when machines are being over¬ 
hauled. 

Lubrication of control apparatus re¬ 
quires restraint in the use of the “oil can.” 
Some pieces of apparatus, such as master 
controllers, may be equipped with bear¬ 
ings requiring lubrication while others 


have the oilless type. For example, a 
typical locomotive controller requires 
lubrication for the upper and lower bear¬ 
ings of the main drums, the reverse drum 
bearing, and the main handle bearing pins. 
On the other hand, the modern street car 
master controller needs no lubrication. 
Pneumatic switch cylinders must be oiled, 
but the hinge pins and armature shafts 
of magnetic contactors require no lubri¬ 
cation. Strict adherence to instructions 
which can be included in check lists pro¬ 
duces the best results. 

Progress in Realizing Adequate 
Maintenance 

The procedures which have been dis¬ 
cussed give a general outline of the best 
means for obtaining intensified use from 
electrical equipment of transportation 
rolling stock. Many properties are bene¬ 
fiting from proper operation, effective in¬ 
spection, preventive maintenance, keep¬ 
ing apparatus clean, accurate adjust¬ 
ments, prompt worn-part replacements, 
undelayed commutator conditioning, im¬ 
proved insulation, and correct lubrica¬ 
tion. The availability of generators, 
motors, and control is being stepped up 
in an endeavor to keep pace with the de¬ 
mand. The results are creditable as a 
contribution to an “all-out” e ffort to pro¬ 
vide essential transportation. There is 
need for more general use of all factors 
which improve maintenance efficiency in 
meeting the present emergency. There 
may be other profitable ideas which still 
lie dormant, and it is to be expected that 
the future will bring further progress. 
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Synopsis: The preceding paper of this 
series 1 presented the theory and principles 
of operation of a new type of a-c motor and 
its control circuit. This system of speed 
control has the advantage of being eco¬ 
nomical from the standpoints of initial cost, 
efficiency of operation, and ability to correct 
power factor. However, these advantages 
are not realized unless the machine is 
suitably designed and its control circuit 
properly adjusted to supply the necessary 
voltages and currents. The purpose of this 
paper is to explain the design proportions 
and the adjustments of the supply voltages 
to provide for optimum operating charac¬ 
teristics. 


T HE characteristics of this adjustable- 
speed motor can be altered over a 
wide range by adjustment of either the 
magnitudes or phase relationships of the 
applied voltages, or by changes in the 
construction of the motor windings. 
While it may be desirable to make altera¬ 
tions to obtain certain characteristics, 
the more general problem is to make ad¬ 
justments that will provide the best over¬ 
all characteristics for all speed settings. 
As an example, it is usually desirable to 
operate a motor with highest possible 
efficiency, but, with this machine, mini¬ 
mizing armature circuit resistance may 
ruin the speed-regulation characteristics. 
Thus the design proportions enter the 
problem from several angles, and criteria 
of design should not be based on one 
feature of the motor without regard to 
all consequences resulting therefrom. 

In this particular system as in other 
adjustable-speed systems there are cer- • 
tain requisites that must be fulfilled to 
make the system practical. These req¬ 
uisites are as follows: 

1.. The design and adjustments of the ma¬ 
chine should be such that it will operate 
■satisfactorily for all speed settings. 

2. The design and adjustments should be 
such that the best speed regulation is 
■secured. 


5. The efficiency should be high. 

6. Commutation should be satisfactory. 

Prevention of Overheating 
at No-Load 

♦ 

If the voltages supplied to the field and 
armature of this motor are adjusted to 
the proper phase difference at the high- 
est-speed setting, no danger will result 
from the standpoint of armature heating 
at lower-speed settings. However, the 
reverse is not true. For if the phase of 
the field voltage relative to the armature 
voltage be adjusted for maximum power- 
factor correction at no-load for low-speed 
settings, the armature will overheat when 
the motor operated at high speeds. 

These phenomena can best be seen 
from Figure 1 which shows 

(a) . A circuit diagram used in supplying 
the motor. 

(b) . A vector diagram of the motor itself 
when adjusted for high-speed operation. 

The dotted lines shown are for the same 
field adjustments (magnitude and direc¬ 
tion of field voltage with respect to arma¬ 
ture voltage), but with a lower- 
speed setting. When the motor arma¬ 
ture is supplied with the voltage E a , and 
the time phase of the field voltage is such 
that the flux <f> crossing the air gap 
lags the armature voltage by a degrees, 
the generated voltage in the armature 
must have a locus along the line ad. 
The locus of this generated voltage must 
be parallel to the flux vector <t>. The 
generated voltage must be of sufficient 
magnitude such that when it is added 
vectorially to the armature impedance 
voltage I a Z a the sum is equal and opposite 
to the applied voltage E a shown as the 
distance oa for this high-speed setting. 
The voltage I a Z a due to the armature im¬ 
pedance is shown as the distance op. 


3. Throughout the load range of each speed 
setting currents should not be excessive. 
This is important in this machine because 
of the possibility of large no-load currents as 
well as large load currents. 

4. The full load armature current should 
be approximately in phase with the arma¬ 
ture voltage so that maximum capacity is 
■obtained from the machine. 
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When load is applied to the machine, 
the speed drops slightly. The generated 
voltage ap decreases slightly causing the 
impedance voltage drop op in the arma¬ 
ture to shift clockwise with a corre¬ 
sponding shift in the resistance voltage 
drop of the armature shown here as the 
distance oy. Since the armature current 
ox is in time phase with the armature 
resistance voltage, an increase in motor 
load will likewise cause a shift of ox in a 
clockwise direction until the torque is 
sufficient to supply the load. This torque 
is equal to Kcpox cos (0+ a) where 
K — the torque constant, ox is the arma¬ 
ture current associated with the resistance 
voltage drop oy , and 6 is the angle be¬ 
tween the armature current ox, and the 
armature voltage oa. When load is re¬ 
moved, the process is reversed, and the 
impedance triangle oyp revolves counter¬ 
clockwise until at no-load the J a R a vector 
oy and the I a vector ox are perpendicular 
to the flux vector (j>. For this condition 
the torque developed is zero. Thus for 
zero developed torque or true no-load 
on the motor, the armature current 
vector ox will always be perpendicular 
to the flux vector 4). When the voltage 
E a supplied to the armature of the motor 
is reduced to a value oa' as shown in 
Figure lb, the speed decreases, and the 
no-load current remains perpendicular 
to the flux vector 6. Since the angle a 
was not changed, the no-load value of the 
armature impedance voltage must be" 
less. The new vector relations are de¬ 
fined by the dotted lines—that is, with 
an armature voltage oa r the generated 
voltage will be a'q , the armature im¬ 
pedance voltage oq, the armature resist¬ 
ance voltage ow, and the corresponding 
no-load armature current oz. Thus a 
reduction of speed caused by reducing 
armature voltage is - associated with a 
reduction of no-load current, and vice 
versa. The phase of the field voltage with 
respect to the armature voltage must be 
adjusted so that the angle a between the 
flux vector and the armature voltage is 
sufficiently small to limit the no-load 
armature current for the high-speed 
setting to a value equal to or less than 
the rated current of the armature. 

Adjustments for Minimum 
Speed Regulation 

The preceding paper of this series 
showed that the speed of this motor de¬ 
creases with increase in torque. Also, 
that the power factor becomes more lag¬ 
ging with increase in load. Change in 
speed with increase in load is usually un¬ 
desirable in the adjustable-speed motor. 
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It is therefore desirable to make the speed 
regulation a minimum. Proportioning 
the armature circuit resistance and arma¬ 
ture circuit reactance makes this possible. 
The proper proportions can be derived 
from the vector diagram of the motor 
shown in Figure 2. 

The expression for the torque developed 
by this motor is 

T=K<f>I a cos (0 + a) (1) 

where 0 is the power-factor angle of the 
armature circuit considered, plus for 
leading power factors and * minus for 
lagging power factors. K is a constant, 
and a is the angle between the flux 
vector (j> and the voltage vector E a . 

By the law of sines 

Eg _ IgZg 

sin (0+0) sin a 
Consequently 
jAtoji+Q 

sin a 

* But 


E 0 =IC'<t>N 

where N is the speed of the motor and K' 
is a constant. Solving for TV and sub¬ 
stituting for Eg from equation 2, the 
speed 

N _ Eg JgZg sin (0+0) 

K'<f> K'<f> sin a 1 

Equations 1 and 3 provide expressions of 
torque and speed as functions of the 
variables d and I a . From the vector 
diagram and the law of sines 

Ig _ [ab _ 

sin a sin (180°— a —0—0) 

Eq 

Zg 

sin (180° — a — 0—0) 

since 



Therefore 


h 


_ E a sin a _ 

Z a sin (180°-a-0-0) 


(4) 


Substituting equation 4 in equation 1, 
the expression for torque in terms of the 
one variable 6 is obtained. * 


Figure 1 


(a) . The motor and supply cir¬ 

cuit 

(b) . Vector diagram of the 
motor for two values op applied 

voltage 


j, K<f>E a sin a cos (g+0) 

Z a sin (180° — a —0—0) 

Differentiating 

dT — K<t>E a sin a cos 0 

dd Z a sin 2 (180° — a — 0—0) 



Substituting equation 4 in equation 3 

Eg sin (0+0) 

K'<t> sin (180° —a —0—0) 

Differentiating 

dN _ E a sin a _ 

dd ~ K'<f> sin 2 (180° a— 0 — 0) ( } 

But 

dN_ dN dO E a sin a 

df~~dd'df = K 7 4> sin 2 (180°-a-/3-9) X 
~Zg sin 8 (180° —a —ff—9) 
K<f>E a sin a cos 0 

* N __ -Za _ ^° 2 m 

dT K*K4> 2 cos 0 K'K<f>*R a K 

dN_ -Rg _ Xgl 

dT KKW KK'<t> 2 R a ~~ .‘ 

From equation 7 it is evident that the 
slope of the speed-torque curve is a func¬ 


tion of the flux 0 and the impedance of 
the armature circuit Z a . Both of these 
are essentially constant for all conditions 
of load. Therefore the slope of the 
speed-torque curve is a straight line. 
Experiments show this to be true. Fur¬ 
ther analysis of this equation reveals 
that to make the slope small (low-speed 
regulation) the flux (j> should be large 
and the impedance of the armature cir¬ 
cuit Z a should be made as small as practi¬ 
cable. To determine the armature im¬ 
pedance angle 0 that will give a mini¬ 
mum slope to the speed-torque curve, 
equation 8 can be differentiated with 
respect to R a . Let S equal the slope of 
this curve, then 

dS _ -1 X a * 
dRg KK f <t> 2+ KK'<t> 2 R a 2 

When 



0.707 


dS n 
dR a ~ 

R*=X a (9) 

and cos 0 which is equal to 

Ra 
Za 
or 

0 — 45° 

Equation 7 shows that best speed regu¬ 
lation is obtained when the flux is large. 
Therefore the field circuit should be so 


Figure 2 (above). Phase rela¬ 
tions of currents and voltages 
in the vector diagram 

Figure 3 (right). Vector repre¬ 
sentation of the effect of a 
change in the angle a 

I. Circle locus of extremity 
of the no-load armature-cur¬ 
rent vector 

II. Circle locus of extremity 
of the no-load l a R a voltage 

vector 
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designed that when connected into the 
circuit the stator iron operates just below 
saturation. Furthermore, this flux should 
be unchanged by speed adjustment. The 
changes in speed can be made best by 
changes in the armature voltage. How¬ 
ever, the phase angle can be changed 
without changing the value of the flux. 
Increasing the phase angle a for a given 
flux changes the magnitude and direction 
of the no-load current. Thus in Figure 3 
with the flux vector displaced by the 
angle a from E a , the no-load generated 
voltage is E 0 , and the no-load current 
I a is at an angle 90 degrees with respect 
to the flux vector. If the flux is held con¬ 
stant and the phase angle a. shifted to 
the angle a', the generated voltage will 
be changed in magnitude and direction 
to the position of E g f . This causes an 
increase in the armature impedance volt¬ 
age from I a Z a to I a 'Z a . The armature 
current is likewise increased from I a 
to I a ’, and the change in direction of this 
true no-load current corresponds to the 
change in direction of the flux vector. 
Since the no-load current vector is always 
perpendicular to the corresponding flux 
vector, it is also perpendicular to the 
corresponding generated voltage vector. 
Since the vector I a R a must be perpen¬ 
dicular to the vector E g at no-load, the 
intersection of the vector I a R a with the 
vector Eg must be located on a semicircle 
the diameter of which is E a . The ex¬ 
tremity of the no-load armature current 
vector for different values of the angle a 
must also fall on a semicircle the diameter 
of which is coincident to the vector E ai and 
of magnitude EjR a units in length. 
Thus the magnitude of the no-load arma¬ 
ture current for a given piotor operated 


at its normal field strength will be de¬ 
pendent on the angle a. This angle a 
should never he larger than that value re¬ 
quired to make the no-load armature cur¬ 
rent for the highest-speed setting equal to the 
rated armature current. Larger angles will 
cause overheating at no-load. 

An analysis of equation 7 shows that 
a reduction of X a to an ohmic value less 
than the ohmic value of R a results in an 
improvement in the speed regulation. 
Therefore the armature circuit should be 
designed with the lowest leakage re¬ 
actance practicable. This can be done by 
placing short-circuited compensating 
turns on the stator that are well coupled 
with the armature. These short-cir¬ 
cuited turns should be well distributed, 
preferably in all slots. They should be 
made from copper straps or bars to save 
space and should be located as near to 
the armature conductors as possible. 
Having made the leakage reactance of the 
armature circuit as low as possible, the 
resistance of the armature circuit should 
be made equal to the ohmic value of the 
armature circuit leakage reactance. As 
shown in equation 9, this is necessary in 
order to obtain good speed regulation. 
If the leakage reactance of the armature 
circuit is greater than the resistance, the 
motor should have an external resistor 
connected in series with the armature in 
order to obtain the best speed regulation. 
The motor will then have a characteristic 
armature impedance such that the angle 
P is equal to 45 electrical degrees. The 
vector diagram for such a motor is shown 
in Figure 4. This diagram shows that 
when the angle 0 is 45 degrees and the 
angle a is sufficient to make the no-load 
armature current 100 per cent of rated 



Figure 4. Vector 
diagram for motor 
having R a equal to 

X fl 

I. Circle locus of 
extremity of the no- 
load armature-cur¬ 
rent vector 

II. Circle locus of 
extremity of the no- 
load I a R a voltage 

vector 

III. Circle defining 
the 100 per cent 
value of armature 

current 

IV. Locus of the 
extremity of the 
armature-current vec¬ 
tor for different 

values of load 
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Figure 5. Vector diagram for armature circuit 


of the motor 

(a) . Angle a: is 10 electrical degrees 

(b) . Angle oi is 6 electrical degrees 

(c) . Angle a is approximately 16 electrical 

degrees 

L The locus of the extremity of the no-load 
armature-current vector 
III. The locus of the extremity of the no-load 
l a R a voltage vector 


value, the application of load causes the 
current to shift in direction until at full 
load the armature current op is directly in 
phase with the flux vector <j>. Thus when 
the armature circuit resistance and re¬ 
actance are made equal, the motor can 
correct power factor at no-load to the full 
extent of its rating, and under conditions 
of full load its current will be in phase 
with its flux giving maximum torque per 
unit of armature current. 

Motors of this type can be designed so> 
that the resistance and reactance of the 
armature circuit are approximately equal. 
If experiments indicate that the resistance 
is lower than the reactance, the addition 
of a small amount of resistance to the 
armature circuit may be desirable. For 
frequencies above 60 cycles, this may be 
necessary. If the motor is to be de¬ 
signed for frequencies less than 60 cycles, 
say 25 cycles, the reactance of the arma- 

II Electrical Engineering 


ture circuit may be less than the resist¬ 
ance. This is not objectionable, and by 
proper adjustment of the angle a the 
motor can be made to operate satis¬ 
factorily. Figure 5 shows the vector 
diagrams for such a motor having an 
armature impedance angle p equal to 
25 degrees. Figure 5a shows that if the 
machine is adjusted to take a 100 per 
cent power-factor armature current at 
full load, it cannot correct power factor 
to the full extent of its rating as was pos¬ 
sible when the angle p was 45 degrees. 
Figure 5b shows the diagram of the same 
motor as illustrated by Figure 5a ex¬ 
cept the angle a is made slightly less so 
that the armature will develop maxi¬ 
mum torque with rated current. There 
is little difference in these adjustments 
since the power factor of the full load 
current is very nearly unity in both cases. 
More leading current at no-load with 
this same motor can be obtained by in¬ 
creasing the angle a as is shown in Figure 
5c. The objections to this adjustment are 
evident from the diagram. The maxi¬ 
mum available torque has been reduced, 
and consequently the horsepower rating 
of the machine with this adjustment is 
less. Thus if the armature circuit re¬ 
sistance is greater than its reactance, 
adjustment of the angle a should be such 
as to give conditions illustrated in Figure 
5a or Figure 56, but not those of Figure 5c. 

Determination of Phase Angle of 
Armature and Field Voltage 

The method of determining the proper 
phase angle between the armature and 
field voltage can best be explained on the 
basis of the vector diagram of Figure 5a. 
This method applies to any motor of this 
type having an armature circuit react¬ 
ance equal to or less than its resistance. 
Armatures not so proportioned should 
have additional resistance connected in 
series with them to give such proportions. 
The steps in the procedure of making 
proper adjustments are as follows; 

1. Determine the value of the standstill 
armature current / a6 ‘for maximum arma¬ 
ture voltage E a . This can be obtained from 
low-voltage determinations of the armature 
impedance, 

2. Draw the vector E a as a reference for the 
maximum armature voltage to be applied 
to the motor and its corresponding stand¬ 
still current I ah at the proper angle p with 
respect to E a . 

3. Draw the circle locus I of the no-load 
armature current for different values of the 
angle a so that its diameter is coincident 
with the vector E a and its length is E a /R a 
units in magnitude. 

4. Using o as a center, draw the circle 


locus III of the 100 per cent value of the 
armature current. 

5. Determine the locus of the extremity of 
the armature current vector by drawing a 
line through the extremity of the vector / a6 
and the 100 per cent power-factor armature 
current op. 

6. Extend the armature current locus to 
the no-load armature current circle. Deter¬ 
mine intersection at X. 

7. The proper value of the angle a be¬ 
tween the flux vector <f> and the armature 
voltage E a can now be determined from the 
angle made between the lines representing 
the standstill armature current and arma¬ 
ture current locus (the angle between / a& 
and the line xp extended). 

8. Apply maximum values of armature and 
field voltages to the motor such that the 
field voltage is approximately 90 degrees 
minus a. ahead of the armature voltage. 

9. With the motor running at no-load 
change the phase relation of the field and 
armature voltage by proper selection of tap 
x on the adjusting transformer until the 
armature current has a value corresponding 
to that of ox shown in Figure 5a. 

This provides proper adjustment of the 
control circuit supplying the motor. 

Efficiency 

When the motor is adjusted as de¬ 
scribed in the preceding section, it will 
take a full load current at 100 per cent 
power factor. Such an adjustment will 
give optimum full load efficiency. De¬ 
partures from these adjustments are apt 
to cause excessive currents because of 
low power factors, and damage to the 
machine may result from overheating. 
The full load copper losses of this 
machine are somewhat larger than 
those of a d-c motor of the same 
rating. The iron losses and the loss in 
the armature coils undergoing commuta¬ 
tion tend to make the machine less effi¬ 
cient than the d-c motor. Efficiencies 
of 70 per cent have been obtained on two 
horsepower motors. Larger motors will 
have higher efficiencies. Curves of effi¬ 
ciency with proper adjustments on this 
motor are presented in Part I of this 
series of papers. 1 2 3 4 

Commutation 

Commutation on this motor is compa¬ 
rable with that of the a-c series motor. 
The causes of brush sparks on this ma¬ 
chine are essentially those caused by the 
inductance of the coils undergoing com¬ 
mutation and the induced voltages in 
those coils because of transformer action 
from the field. Since the brushes are 
located on a magnetic axis with respect 
to the stator field, they are located essen¬ 
tially in a neutral plane with respect to 
this field. Since the field is pulsating in 


nature and not rotating as in other poly¬ 
phase a-c machines, it is much easier to 
obtain sparkless commutation on this 
motor, than on a motor which has its 
armature subjected to a rotating field 
flux. 

There is a shift of flux in space with 
load on this motor because of armature 
reaction just as there is in a d-c motor. 
Consequently good commutation is ob¬ 
tained by shifting the brushes backward 
slightly with respect to the direction of 
rotation. This is satisfactory for small 
motors. Larger machines should be pro¬ 
vided with interpoles. 

The effect of the transformer voltages 
induced in the armature coils undergoing 
commutation can be made small in this 
motor by designing the armature for 
operation on low voltage. The control 
circuit makes this feature possible. By 
adapting a low-voltage armature to a high- 
voltage supply, by use of the autotrans¬ 
former, and by shifting brushes slightly 
good commutation may be obtained. 

List of Symbols 

E a —The voltage applied to the armature. 

Eg —The effective value of the generated 
voltage in the armature. 

I a —The effective value of the armature 
current expressed in amperes. 
hb —The effective value of armature current 
expressed in amperes when the motor is 
at standstill. 

IC —Torque constant of the motor. 

IC —Generated voltage constant of the 
motor. 

R a —The equivalent resistance expressed in 
ohms of the armature and compensating 
winding. 

S —Slope of speed-torque curve. 

T —The developed torque of the motor ex¬ 
pressed in pound-feet. 

*—-The point on the adjustable transformer 
at which the field is connected. 

X a —‘The equivalent reactance of the arma¬ 
ture and compensating winding ex¬ 
pressed in ohms. 

Z a —The equivalent impedance of the arma¬ 
ture and compensating winding ex¬ 
pressed in ohms. 

a?—The phase angle expressed in electrical 
degrees between the applied armature 
voltage vector and the vector represent¬ 
ing the air gap flux. 

p —The angle having a cosine that is equal 
to the ratio of the armature resistance 
R a to the armature impedance Z a . 
d —The phase angle or power-factor angle 
in electrical degrees between the im¬ 
pressed armature voltage E a and the 
armature current J a - 

0—'The total flux per pole crossing the air 
gap expressed in maxwells. 
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High-Voltage Power-Transformer Design 
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Synopsis: A core-type power-transformer 
design with shielded high-voltage winding 
and graded insulation has been developed 
for application in the higher-voltage classi¬ 
fications, and up to the present time more 
than one-quarter million kilovolt-ampere 
capacity of this kind of transformer has 
been manufactured and placed in service. 
The design employs a new form of construc¬ 
tion for high-voltage power transformers 
which has been called "distributed concen¬ 
tric” construction. Outstanding character¬ 
istics of the distributed-concentric-type 
transformer include: 

3. Reduced inherent reactance resulting in a re¬ 
duction of critical materials for a given specifica¬ 
tion. 

2. Ready adaptability to forced oil flow directed 
through the winding ducts resulting in a reduction 
of critical materials for a given thermal capacity. 

3. Strategic distribution of voltage stress through¬ 
out the dielectric structure. 

4 -. Simple and stable mechanical construction of 
windings, insulation, and shield. 


P OWER transformers for service in the 
higher-voltage transmission systems 
generally operate with grounded-neutral 
star-connected high-voltage windings, and 
the core-type transformer design de¬ 
scribed herein has been developed prin¬ 
cipally for this type of application. 

In most core-type power transformers, 
as usually manufactured on this conti¬ 
nent, the high-voltage winding of each 
core leg comprises the familiar stack of 
horizontal disc coils assembled over a 
conventional-type low-voltage winding. 
It is common practice to provide shielding 
and grade the insulation of these disc-coil 
stacks when designed for star connection 
and grounded neutral operation at the 
higher-voltage levels.* In general this 
shielding is secured by enveloping the 
high-voltage stack with a number of line 
potential shields which are so shaped and 
disposed as to supply each individual disc 
coil with its required charging current, as 
illustrated in Figure l. 2 Grading of the 
major insulation in these transformers 
is ordinarily attained by special series- 
multiple connections of the high-voltage 
winding, in combination with variable 
diameter of individual disc coils, also 
illustrated in Figure 1. 
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In the core-type design under con¬ 
sideration, termed “distributed concen¬ 
tric” design, the high-voltage winding of 
each core leg comprises a group of vertical 
helical coils which are concentrically dis¬ 
tributed between a line potential cylindri¬ 
cal shield and the low-voltage winding, as 
illustrated in Figure 2. In general the 
high-voltage coils of each leg are series 
connected between line and neutral ter¬ 
minals and progressively spaced from the 
low-voltage winding and grounded end 
surfaces in relation to the individual coil 
potentials from ground. With this dis¬ 
tributed arrangement of the high-voltage 
winding, adequate shielding is secured 
with a single cylindrical shield on each 
leg of the core, and the several coil-to-coil 
insulations not only serve individually as 
internal winding insulation but also func¬ 
tion in series as graded major insulation 
to the low-voltage winding and ground. 


I. Evolution of Design 


From the viewpoint of shielding, the 
distributed concentric construction em¬ 
ploys, in effect, a concentric series of rela¬ 
tively long and narrow “barrel” coils 
which are progressively disposed between 
the two plates of a condenser, an obvious 
general arrangement suggested in prin- 
riple many years ago as a means of shield¬ 
ing. 3 As usual, however, the gap between 
principle and practical application is not 
readily bridged. In this regard, it is well 
known from service experience with or¬ 
dinary single barrel applications in power 
transformers, that conventional-type bar¬ 
rel-coil structures without radial spacers 
tend to break down between turns under 
conditions of short circuit. Progressive 
arrangements of conventional-type barrel 
coils are commonly used in high-voltage 
testing-transformer design, but here there 
is no mechanical problem. 

According to responsible engineers* re¬ 
cently escaped from Europe, the Allge- 
meme Elektricitats-Gesellschaft have 
used power-transformer-winding arrange¬ 
ments in Germany within the past few 
years which comprise 

1. A concentric series of barrel coils with¬ 
out radial coil spacers. 


Two members of the Association of Polish E 
neers m Canada who are thoroughly familiar 
recent transformer practice in Germany 
names of these engineers are withheld, since t 
famihes are still in Europe. 
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2. Each coil directly supported by a wound 
untreated paper cylinder with slit flanged 
ends and cooled by an outer axial duct. 

3. The complete group of coils and un¬ 
treated paper layers progressively wound 
with one set-up to form a virtually insepa¬ 
rable winding structure. 

It is submitted, however, that such a 
construction is mechanically inadequate 
and unacceptable in respect to service 
conditions on this continent, since posi¬ 
tive turn-to-turn separation is not pro¬ 
vided, and neither secure factory clamp¬ 
ing nor field replacement of individual 
coils is feasible. 

The distributed concentric structure, as 
developed and specifically described, is 
offered as a new form of construction for 
high-voltage power transformers. In 
this construction positive axial separa¬ 
tion of conductors is provided, and indi¬ 
vidual coils may be readily clamped and 
handled in the shop or replaced in the 
field as independent units—fundamental 
mechanical characteristics which have 
been standardized on this continent for 
many years by conventional disc-coil 
construction. 

It will be shown that the distributed 
concentric transformer possesses highly 
desirable electrical and thermal char¬ 
acteristics, including low inherent re¬ 
actance and ready adaptability to forced 
oil flow directed through the coil ducts, 
and the advantages of the general winding 
arrangement are by no means confined to 
the application of shielding. 

II. General Description 

Figure 3 illustrates some of the avail¬ 
able high-voltage coil connections as ap¬ 
plied to single-phase and three-phase de¬ 
signs. Ordinarily from four to six coils 
are used for each leg, corresponding ap¬ 
proximately to a test level range from 277 
kv to 576 kv respectively. In general 
top-to-bottom outside coil crossovers are 
cumbersome and to be avoided, particu¬ 
larly in the case of directed forced oil 
flow, and some of the connections shown 
are unique and have been devised to meet 
this condition. 

Each high-voltage coil employs a new 
form of helical coil structure, as shown 
m Figure 4, in which a continuous 
wound-in spacer of channel section func¬ 
tions as the key feature. High-voltage 
taps are located in one or more coils of 
each leg and symmetrically spaced with 
respect to the coil center line, as illus¬ 
trated in Figure 5, the tap straps being 
carried along the face of the coil in the 
axial cooling ducts and then outward 
through radial end ducts. 

The low-voltage winding may be either 
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of conventional type with horizontal 
ducts and intermittent spacers or of the 
same general type as the high-voltage 
winding. In the latter case, which is used 
in conjunction with directed forced oil 
flow, the number of coils will be substan¬ 
tially less than the number of high-voltage 
coils. 

Insulation between adjacent high- 
voltage coils includes one winding cylin¬ 
der and one axial oil duct in combina¬ 
tion with independent flanged collars at 
the cylinder ends, as illustrated in Figure 
4. The end insulation structure is de¬ 
signed around the coil-to-coil insulations, 
and the progressive radial end ducts are 
used for bringing out coil leads and tap 
straps. 

The single shield of each core leg con¬ 
sists of a simple paper cylinder envelop¬ 
ing the outer coil and containing an em¬ 
bedded layer of circumferentially wound 
metal strip. 

III. Inherent Reactance 

Characteristic and Associated 
Reduction in Critical Materials 

The distributed concentric design has 
low inherent reactance resulting from the 
radial distribution of high-voltage am¬ 
pere turns through the major insulation. 
This characteristic is illustrated in Fig¬ 
ure 6, which compares the effective leak¬ 


Figure 2 (right). General ar¬ 
rangement of distributed con¬ 
centric design 


age width of two approximately equiva¬ 
lent hypothetical designs; one of the dis¬ 
tributed concentric type and the other 
of conventional disc-coil construction. 
It will be seen that the reactance of the 
latter is approximately proportional to 
5.5, a value more than 40 per cent greater 
than the corresponding figure of 3.9 for 
the distributed concentric design. 

In this illustrative comparison, refine¬ 
ments in reactance calculation have been 
neglected for the sake of clarity, and the 
reactance ratio would vary somewhat 
from that shown, depending on the actual 
rating under consideration. It will be 
apparent to the transformer designer, 
however, that in general the distributed 
concentric construction employs a core 
some 20 per cent smaller in section than 
that required by conventional disc-coil 
construction for a given reactance and 
specification. 

In addition to reducing the consump¬ 
tion of core steel by about one fifth, the 
decreased core dimensions result in a 
smaller volume of over-all physical struc¬ 
ture with corresponding reductions in 
tank plate, clamp structure, oil, and in¬ 
sulation, and the total weight of critical 
materials is reduced by approximately 
one tenth. Thus, it is evident that the 



LOW VOLTAGE 
WINDING 


low inherent reactance characteristic 
of the distributed concentric design is of 
considerable practical significance, par¬ 
ticularly under present wartime condi¬ 
tions when the necessity for conservation 
of critical materials is paramount. 

IV. Thermal Characteristics and 
Associated Reduction in Critical 
Materials 

The outer surface of each high-voltage 
coil is directly exposed to vertical oil 
ducts and heat flow from conductors is 
principally outward, although some loss 
is transmitted through the foundation 
cylinder. Thus, for any horizontal sec¬ 
tion taken through a coil, the temperature 
rise of each strand above local oil is 
readily determined by solution of an 
elementary series-multiple thermal cir¬ 
cuit, once the thermal constants are es¬ 
tablished. The constants for solid 
insulation are well known, and a series of 
experimental direct-current heat runs 
indicated that the continuous spacer 
flanges, extending into the axial duct, only 
increase the oil-film constant of the verti¬ 
cal surface by about one degree for the 
usual design proportions. This surpris¬ 
ingly small effect of the spacer projections 
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is apparently due to relatively high veloc¬ 
ity eddy currents in the oil flow over the 
serrated coil surface. In general the 
relation between copper-oil gradient and 
load current is similar to that of conven¬ 
tional designs, and accepted rules de¬ 
fining permissible overloading of con¬ 
ventional-type transformers should be 
equally applicable to the distributed con¬ 
centric design. 

In order to reduce the consumption of 
critical materials, the application of 
external forced-flow heat exchangers to 
large transformers is rapidly increasing. 
With this type of cooling, a further re¬ 
duction in materials results from direct¬ 
ing the existing forced oil flow through 
the coil ducts, a condition readily at¬ 
tained in the distributed concentric 
construction merely by adding a simple 
pressboard barrier, as illustrated in Fig¬ 
ure 7. It is evident from this drawing 
and Figure 4, that the inherent construc¬ 
tion of the distributed concentric design 
is uniquely suited for directed-flow cool- 
ing, as contrasted with the unduly elabo¬ 
rate means obviously necessary in the 
case of conical-shaped stacks of horizontal 
disc coils. 

The increased cooling effect of directed 
flow as compared to natural flow is 
illustrated by Figure 8, in which average 
and hottest copper rise above average 
oil are shown for both types of cooling. 
The curves are plotted for a typical coil, 
m which the increased insulation of the 
buffer wire is overcompensated by doub¬ 
ling the cooling surface per watt of the 
end turns, as shown in Figure 4, and the 
hottest strand is located in that turn* of 
main wire which is adjacent to the upper 
buffer portion of the coil. Directed flow 
reduces the rise of the hottest strand 
above mean oil temperature in two ways, 
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Figure 3 (above). 
Distributed concen¬ 
tric coil connections 



Figure 4 (right). 
Section through end 
portion of a typical 
structure 


first by lowering the oil-film constant, 
and second by reducing the axial thermal 
gradient in the oil. The average copper 
rise above mean oil temperature is 
only affected by the first factor of reduced 
oil-film constant. For a given average oil 
temperature, the double-cause effect of 
directed flow on hottest copper rise is 
indicated by the considerable difference 
between curves B and B ' of Figure 8, 
and the single-cause effect on average 
copper rise is indicated by the lesser differ¬ 
ence between curves A and A 
This substantial reduction in hot spot— 
average oil gradient resulting from di¬ 
rected flow—is important, since the actual 
thermal capacity of a transformer is 
determined by permissible hot-spot tem¬ 
perature. For example, a given trans¬ 
former rated at 100 per cent continuous 
load with natural internal circulation 
and a given external cooler could be re¬ 
rated by the addition of a simple press- 
board barrier to approximately 120 per 
cent continuous load at the same hot- 
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Figure 5. Lowering a tap coil into the main 
assembly 
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Figure 6(left). Illus¬ 
trative comparison of 
inherent reactance— 
distributed concen¬ 
tric versus disc coil 
construction 


Figure 7 (right). 
Baffle arrangement 
for directing forced 
oil flow through the 
vertical coil ducts 


spot temperature. Conversely, directed 
flow would result in a reduction of ap¬ 
proximately 15 per cent in the total 
weight of critical materials required for a 
given continuous rating. Accordingly 
it is evident that the ready adaptability 
of the distributed concentric construction 
to directed forced oil flow may be con¬ 
veniently utilized to substantially in¬ 
crease the kilovolt-amperes obtained per 
pound of critical materials consumed. 

V. Distribution of Voltage Stress 

Unless some form of shielding is pro¬ 
vided, it is well known that the initial 
distribution of impulse voltage along a 
transformer winding departs radically 
from uniformity, and subsequent voltage 
oscillations ordinarily raise the potential 
of intermediate winding points to values 
which preclude any grading of the in¬ 
sulation. It is clear, however, that 
shielding to establish a perfectly uniform 
initial distribution, with absolute elimina¬ 
tion of subsequent oscillations, is neither 
attainable nor necessary in practical de¬ 
sign. The degree of shielding to be used 
in a transformer with graded insulation 
is therefore a question of economic bal¬ 
ance and is determined by that combina¬ 
tion of compromise shielding and par¬ 
tially graded insulation which has mini¬ 
mum over-all cost. 

With a vertical front impulse applied to 
the line terminal, the initial or electro¬ 
static voltage distribution along the 
winding of the distributed concentric 
transformer is fixed by the combined 
network of radial shunt capacities and 
axial series capacities, including the shunt 
capacities associated with the physical 
coil crossovers. The initial voltage dis¬ 


tribution, corresponding to application 
of an infinitely long rectangular wave, 
is shown in Figure 9 for two alternative 
coil arrangements. Local oscillations of 
transition from initial to final straight 
line gradient overshoot the final gradi¬ 
ent as an axis, and maximum voltage 
levels throughout the winding are indi¬ 
cated by the approximate ceiling shown 
as a straight broken line. In actual 
design, insulation strength is provided 
between parts of the winding and from 
winding to ground, corresponding to the 
maximum stresses thus created by ap¬ 
plication of an infinitely long rectangular 
wave. Since all real waves encountered 
in service must be of finite length and 
slope, the values of insulation strength 
as provided correspond to the upper 
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limit of stresses attainable for a given 
crest voltage. 

The re-entrant coil arrangement in¬ 
cluded in Figure 9 was devised princi¬ 
pally to eliminate the objectionable out¬ 
side vertical crossovers of the alternative 
straight-coil scheme. Examination of the 
respective voltage distributions, bearing 
in mind that the final impulse distribu¬ 
tion also corresponds to the low-frequency 
gradient, will show that each arrange¬ 
ment requires approximately the same 
coil-to-coil allowances. The shunt capaci¬ 
ties associated with the internal vertical 
leads of the re-entrant coil scheme are 
controlled by adjustment in physical 
width of lead conductors, and these ca¬ 
pacities are conveniently utilized to sub¬ 
stantially improve the initial voltage 
distribution as compared to that of the 
straight coil arrangement. 

Because of the physical distribution of 
the high-voltage winding through the 
major insulation, it is evident that both 
low frequency and impulse voltage 
stresses, as shown in Figure 9, are ad¬ 
vantageously distributed throughout the 
whole dielectric structure. Adequate 
control of impulse voltage on each leg of 
the core is readily secured with a single 
shield surface of plain cylindrical shape. 
Also greatly reduced and simplified shield 
insulation is sufficient, since the maximum 
voltage from shield to adjacent winding is 
ordinarily less than one third of line 
voltage, as compared to approximately 
full voltage in conventional construction. 

VI. Mechanical Construction 
Including Shop Processing 

The practicability of the distributed 
concentric transformer hinges on the 
mechanical characteristics of the physical 
structure, which in turn depend on 
specific details , of construction, as illus¬ 
trated in Figure 4 and explained below. 

In each high-voltage coil the multiple 
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Figure 12 (right). Core and 
coiis of single-phase 30,000- 
kva distributed concentric 
transform r, 323-kv test level 


Figure 11 (left). Partially 
wound high-voltage coil illus¬ 
trating simultaneous feed of 
conductors and continuous 
channel spacer 


parts may be disassembled and re¬ 
assembled as separate independent units 
of the main structure. Thus, individual 
items, such as a high-voltage coil, could 
be furnished by the factory for field re¬ 
placement and local damage repaired at 
the site without shipping the complete 
machine back to the shop. This feature 
is considered essential by most pur¬ 
chasers on this continent. 

These fundamental mechanical char¬ 
acteristics, as specifically enumerated in 
respect to coil stability and field repair, 
have been standardized on this continent 
for many years by conventional disc-coil 
practice. 

As further compared to conventional 
disc-coil construction however, the unique 
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Figure 9 (left). Volt¬ 
age distribution with 
infinitely long rec¬ 
tangular wave ap¬ 
plied to line ter¬ 
minal 
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rectangular conductors are encased 
throughout their entire length by the 
continuous pressboard spacer of channel 
section, the conductors and spacer being 
simultaneously wound directly on a hard 
composition foundation cylinder. Ordi¬ 
narily this spacer is y M inch thick, and 
the spacer flanges extend radially at least 
Vs inch beyond the coil. Cross-grain 
pressboard end rings, in combination with 
the hard foundation cylinder, permit 
ready clamping and handling of each 
individual coil prior to assembly. Indi¬ 
vidual coils are progressively mounted in 
the main assembly as independent units, 
being finally supported and clamped to 
firm dimension by the end insulation 
structure which is progressively built 
around the independent flanged collars. 
The simple cylindrical shield structure is 
ordinarily wound on a hard foundation 
cylinder and also assembled in the main 
structure as an independent unit. 


Figure 10 (right). 

Forming continuous 
channel spacer from 
flat pressboard strip 

Under conditions of short circuit, the 
conductors of any cylindrical coil struc¬ 
ture are subject to the formidable com¬ 
bination of pulsating axial force, pulsat¬ 
ing circumferential stress, and elevated 
copper temperature with attendant ther¬ 
mal expansion. Thorough consideration 
of these factors and the unsatisfactory 
service record of conventional-type barrel 
coils lead to the conclusion that (l) posi¬ 
tive axial separation of conductors, (2) 
firm coil clamping, and (3) freedom of 
coil-diameter expansion, are inescapable 
requirements for the prevention of con¬ 
ductor squirming and turn-to-turn break¬ 
down. It is clear from Figure 4 and the 
preceding description that these specific 
requirements are all met in the distributed 
concentric construction. 

It is further evident that all coils and 
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coil structure of Figure 4 comprises a 
solid cylindrical column of copper and 
insulation in which the shearing and canti¬ 
lever actions of conical shaped disc-coil 
stacks are eliminated. Also the bearing 
surface between turns is continuous and 
uniform without the compression stress 
concentrations associated with inter¬ 
mittent radial spacers, and the entire 
cross section functions in the trans¬ 
mission of axial forces. It is further evi¬ 
dent that the continuous-spacer feature 
eliminates the possibility of misaligned 
spacer columns, and the hazard of cutting 
the conductor insulation at the spacer 
edges. Intermittent radial spacers are 
used in the supporting-end insulation 
structure, but the continuous-bearing 
feature within the coil is maintained at 
the coil ends by the beam strength of the 
end ring and adjacent flanged collar 
combined. 

Pre-forming of the continuous channel 
spacer from flat pressboard strip is illus¬ 
trated in Figure 10. The automatic 
machine shown was designed especially 
for this purpose and normally produces 
channel spacer at the rate of one hundred 
feet per minute without an attendant. 
The advantages of this continuous spacer 
forming process from a production view¬ 
point are obvious, particularly when com¬ 
pared with the manufacture of a vast 
number of intermittent radial spacers 
which are individually sheared, punched, 
and assembled. 

Figure 11 shows a partially wound 
high-voltage coil and indicates the man¬ 
ner in which the conductors and encasing 
channel spacer are simultaneously wound 
into the coil. It is evident that the wind¬ 
ing process is substantially continuous, 
and the delays necessarily associated 
with intermittent spacers are eliminated. 

Progressive assembly of the individual 
high-voltage coils as independent units 
is indicated by Figure 5, which shows a 
tap coil being lowered into a partially 
built structure. 

VII. Summary 

More than one-quarter million kilovolt¬ 
ampere capacity of the distributed con¬ 
centric-type transformer has been manu¬ 
factured and placed in service up to the 
present time. Figure 12 indicates the 
general external appearance of a typical 
core and coil assembly and illustrates the 
cylindrical shields, end-insulation struc¬ 
ture, and horizontal coil crossovers. 

Outstanding characteristics of the dis¬ 
tributed-concentric-type design include: 

1. Reduced inherent reactance, resulting 
in a reduction of approximately 10 per cent 
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Synopsis: For three years surveys have 
been made of the operation of small single¬ 
pole automatic reclosing oil circuit breakers 
(also called "oil circuit reclosers” and 
"service restorers” 1 ) on rural electric dis¬ 
tribution systems financed by the Rural 
Electrification Administration. Results of 
these surveys indicate that the ratio of 
lockouts to operations is less than five per 
cent in most cases, and that there are from 
four to nine operations per month per 
breaker during the spring and summer, 
with each breaker controlling about 20 miles 
of line. The number of breaker failures and 
other breaker difficulties have been a small 
percentage of the total number of breakers 
installed. These surveys, together with dis¬ 
cussions with system managers, have indi¬ 
cated that automatic reclosing breakers offer 
many advantages for rural line sectionaliz- 
ing. Presently available breakers can be 
much improved in operating characteristics, 
and new sectionalizing devices are needed. 
This paper presents suggestions for such im¬ 
provements. 


T HERE are now over 800 energized 
rural electric distribution systems 
financed by the Rural Electrification Ad¬ 
ministration, and these systems serve 
over 1,000,000 consumers. The average 
number of miles per system is about 470, 
and usually these lines radiate out of and 
are fed from a single supply substation. 
These rural lines extend out 40, 50, and 
sometimes over 60 line-miles from the 
power source. In general, the systems 
follow the radial design. In a few cases 
alternate feeders extend into the same 
area, but normally these feeders are not 


in total weight of critical materials required 
for a given transformer specification. 

2. Ready adaptability to forced oil flow 
directed through the windings, resulting in 
an increase of approximately 20 per cent in 
thermal capacity of a given transformer 
and external cooler, or a reduction of approxi¬ 
mately 15 per cent in total weight of critical 
materials required for a given kilovolt¬ 
ampere output. 

3. Strategic distribution of low frequency 
and impulse voltage stresses throughout the 
whole dielectric structure, including a reduc¬ 
tion of approximately 70 per cent in the 
voltage between shield and winding, the 
advantageous distribution of all voltage 
stresses resulting from the physical distri¬ 
bution of the high-voltage winding through 
the major insulation. 


BRUCE O. WATKINS 

ASSOCIATE AIEE 

interconnected. The main feeders, two 
or more in number, consist of three-phase 
four-wire multigrounded neutral wye 
circuits with a nominal voltage of 7,200/ 
12,450. Circuits, with two-phase wires 
and neutral, branch off from these feeders, 
and these “vee” circuits again split into 
single-phase circuits with one-phase wire 
and multigrounded neutral. Approxi¬ 
mately 80 per cent of all distribution 
lines are single-phase 7,200 volts, and the 
greatest percentage of the consumer load 
is single phase. Outdoor unattended sub¬ 
stations are used principally. 

Individual systems will of course vary 
in detail from the average. Some are 
smaller and some larger. The larger 
systems usually divide the area into sec¬ 
tions serviced by submaintenance cen¬ 
ters. In the western mountainous regions 
the areas served are usually long and 
slender, and the lines follow the valleys. 
In these areas and in hilly regions, the 
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4. Simple and stable mechanical construc¬ 
tion of high-voltage winding, insulation, 
and shield, including a new and improved 
form of helical coil structure and associated 
assembly which are mechanically suitable 
for application in large high-voltage power 
transformers. 
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road distance to outlying sections may be 
much greater than the line distance. 

Although progress has been made in 
improving rural roads, in many sections 
of the country road conditions leave much 
to be desired. During wet weather some 
of these rural roads become impassable. 

Satisfactory telephone communication 
facilities generally exist in the more 
thickly populated farming areas, but in 
the more sparsely settled areas communi¬ 
cation is sometimes poor and frequently 
practically nonexistent. 

Tabic I. Report of Single-Pole Reclosing- 
Circuit-Breaker Operation on REA-Financed 
Systems in Iowa From Installation Until 
November 1 , 1940 


Table II. Report of Single-P le Reclosing-Circuit-Breaker Operation on REA-Financed 
Systems, May to November 1941 


Number Number Number 
of States of Systems of Breakers 
Month Represented Reporting Reported 


Average 

Miles of Per Cent 

Line Per Operations Operations Lockouts to 
Breaker Per Breaker Per Mile Operations 


Systems With Arrester-Protected Transformers 




May. 

... 7_ 

10 

G2 



.0.192 

.0.375 

.0.249 

.0.088 

June. 

...10_ 

.... 17 

IPS 

94 9 

.6.01. 

July. 

...15.... 

....28 

323 


.9.07. 

August. 

September... . 

...15.... 

...18_ 

....35.... 
....36 

-405. 

3fifi 

.31.9. 

32 9 

.9.69. 

.7.93. 

October. 

.. .13_ 

... .18 

IRQ 


.2.85. 






.2.69. 

Systems With Open-Gap-Protected Transformers 




May. 

... 7 _ 

.. 23 

428 

1 D A 


.0.230. 

June. 

.. .10_ 

31 

580 

.18.4 . 

lO A 

.4.24. 

July. 

.. .11_ 

. . 41 

662 

. io . U . 

1C O 

.5.97., 

August. 

... 13_ 

., ..46 

684 

. io , y . 

.19 7 

.7.60. 


September.... 

...15.... 

_47... 

697 

.19.5 

.6.70. 

ft Kft 


October. 

...12.... 

....20.... 

....336. 

! i8*.6! !!!’.’.! 

.D.OU, , 

.5.37., 


* Due to a large number of trees breaking on one system. 


1.88 

2.53 

1.73 

2.71 

3.63 

13.4* 


2.70 

2.31 

1.73 

1.55 

2.50 

5.09 


Number of systems reporting. 20 

Total number of circuit breakers re¬ 
ported. 417 

Number of design 1 breaker. 163 

Number of design 2 breaker. 254 

Total reported circuit-breaker months 

of operation. 5,098 

Total number of operations reported.20*973 

Total number of lockouts reported 

where operations were reported. 271 

Per cent of lockouts to operations. 1.29 

Total operations where operations and 
number of breakers were both re¬ 
port^.20,973 

Total number of breakers where opera¬ 
tions and number of breakers were 

both reported. 3 Q 1 

Average number of operations per 

month per breaker. 4 11 

Total reported breaker failures. 59 


Percentage of design 1 breaker failures 
• per 12 months, where failures and 
months of operation were both re¬ 
ported. 21 8 

Percentage of design 2 breaker failures 
per 12 months where failures and 
months of operation were both re¬ 
ported. . 2.04 

Most systems are equipped with open-gap-pro- 
tected transformers. 


All of the preceding information fur¬ 
nishes a picture to haunt the dreams of 
an operating man responsible for the con¬ 
tinuity of service consistent with good 
operating practice. Rural service must be 
good. Farmers, using electricity for food- 
production purposes, need, and are entitled 
to better service than urban resident 
consumers. In order to provide means 
for improving rural service continuity, 
the development of carrier-current 
communication, hot line work, routine 
testing, and so forth, for use on systems 
described, has been carried on. A heavy 
share of the responsibility for continuous 
service, however, must be borne by the 
sectionalizing devices. These must iso¬ 
late trouble properly with a m inimum of 
attention, and REA has been very inter¬ 
ested in adequate sectionalizing appara¬ 
tus and methods. 

In the .early stages of the REA program, 
most systems were designed to be sec- 
tionalized with fuses. Three-shot re¬ 
peating cut-outs were installed on main 


feeders, and single-shot cut-outs served 
on branch lines. Few substations were 
equipped with oil circuit breakers; three- 
shot cut-outs served at these locations. 
Since then, the fused system has been 
used very extensively, but, since ex¬ 
perience has shown that many unneces¬ 
sary outages occurred with the single-shot 
cut-out, the trend has been toward using 
fewer single-shot cut-outs and using more 
of the repeating type. 

In 1936, 7,500-volt automatic re closing 
and recycling single-pole circuit breakers 
were available, which were recommended 
for use on circuits up to 7,500 volts. 
These were installed on single-phase lines 
on a number of rural systems in conjunc¬ 
tion with open-gap-protected distribution 
transformers. One object of these instal¬ 
lations was to reduce construction costs 
by eliminating lightning arresters, and 
another object was to determine if such a 
device would be advantageous in de¬ 
creasing service interruptions. In par¬ 
ticular, many Iowa systems and some 
Ohio systems used this construction. 

Experience with the 7,500-volt breaker 
installations proved that a device which 


would automatically recycle to original 
position after a temporary fault and 
would reclose two or three times, then 
lock out on a permanent fault, would do 
much to reduce system outages. How¬ 
ever, because of the low insulation level 
of the device, a considerable number of 
breaker failures were experienced, most of 
these from lightning surges (see Table I). 
Because of these difficulties, use of this 
device was largely abandoned. 

About 1939, stimulated by REA engi¬ 
neers and others, a 15-lcv single-pole self- 
contained automatic reclosing oil circuit 
breaker was developed. The breaker 
opening time was very short (usually less 
than 0.1 second), and the time between 
all three reclosures was about three sec¬ 
onds and was unadjustable. Systems 
along the eastern seaboard decided to 
try out this device. In about a year’s 
time 1,000 such circuit breakers had been 
installed. Each of these systems was 
separately studied for proper application 
of these devices. 2 Following a thorough 
study, taking into consideration the 
proper application of these breakers from 
the viewpoint of safety, accessibility, 


Table III. Report of Single-Pole Reclosing-Circuit-Breaker Operation on REA-Financed 
Systems Which Reported the Same Number of Breakers for the Three Consecutive Months of 

July, August, and September 1941 


Systems With Systems With 
Gap-Prptected Arrester-Protected. 
All Systems Transformers Transformers 


Number of states represented. 

Number of systems reporting. 

Number of breakers reported.. 

Miles of line controlled. 

Average miles of line per breaker. 

Number of breaker operations. 

Total operations per breaker. 

Total operations per month per breaker, 

Total operations per mile. 

Total operations per month per mile. . . , 

Number of breaker lockouts. 

Lockouts per month per breaker. 

Lockouts per month per mile. 

Per cent lockouts of operations. 

Operations per lockout. 


17 

35 

450 

11,441 

25.4 

8,094 

18.0 

6.0 

0.706 

0.235 

208 

0.154 

0.00607 

2.57 

38.9 


9 

18 

204 

4,150 

20.4 

3,228 

15.8 
5.3 
0,778 
0.259 

77 

0.126 

0.0062 

2.38 

41.9 


14 
21 
. 246 
,7,291 
29.6 
4,866 
19.8 
6.6 
0.668 
0.223 
131 
0.177 
0.00598 
2.69 
37.1 
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co-ordination, and cost, a definite pro¬ 
gram was recommended for breaker 
installations so as to attain the maximum 
benefit from their use. This study indi¬ 
cated that the breaker investment would 
pay greater dividends when the device 
was located at the more remote section- 
alizing points, and hence the first breakers 
were installed at a distance from the 
power source, and as additional breakers 
were obtained, installations were made 
progressively nearer to the power source. 
No discrimination was made as to the 
type of transformer protection. Existing 
cut-outs were left in place at sectionaliz- 
ing points on the load side of the breakers 
and used as disconnects. Experience with 
these circuit breakers has been so favor¬ 
able that since then many additional sys¬ 
tems have installed such devices and 
REA-financed systems now have over 
5,500 such single-pole automatic circuit 
breakers. 

The first detailed survey of circuit- 
breaker performance was made in 1940, 
when the Iowa systems were asked to 
give their experience from the date of 
installation to November 1, 1940. Un¬ 
fortunately, most of the systems kept no 
adequate records of some phases of such 
breaker operation, and the investigation 
was made more difficult by the fact that 
the counters of the older 7,500-volt 
breakers were internally placed. How¬ 
ever, out of the replies furnished, the 
most adequate data were assembled as 
shown in Table I. It is remarkable how 
closely such data check with the more 
accurate information obtained during 
the next two years. 

Most of the failures on the design 1 
breaker were due to lightning damage to 
the pocket-type bushing and insulated 
lead. The next greatest failure cause was 
overload, which in turn was due to in¬ 
correct application. The design 2 break¬ 
ers showed a very much lower failure rate. 

In order to obtain more detailed and 
accurate data and to cover more cases, 
during the 1941 lightning season all REA- 
financed systems with circuit breakers 


Table IV. Report of Single-Pole Reclosing- 
Circuit-Breaker Operations on REA-Financed 
Systems, May to November 1941 

Cause of Breaker Lockouts 


Number of states reporting. 20 

Number of systems reporting. 72 

Total lockouts reported. 773 

Percentage lockouts due to: 

1. Conductor break. 7.3 

2. Pole break. 3.1 

3. Insulator failure. 7.5 

4. Arrester failure. 4.5 

5. Transformer failure. 9. S 

6. Trees. 30.7 

7. Other. 21.1 

8. Not known. 16.0 


Figure 1. Estimates of average 
cost to re-fuse one cutout by 
132 REA-financed systems 
with 1,337 breakers. January 
1 to October 1, 1942 



DOLLARS COST TO REPLACE FUSE LINKS 
AT ONE LOCATION 


were asked to make breaker counter 
readings each month and to report the 
number of lockouts and the cause of 
each. Tables II through V give the re¬ 
sults of this survey. (The term “Gap’' 
means an open air gap of definite dimen¬ 
sions which has no means of extinguish¬ 
ing the flow of power follow current.) 

S} 7r stems which reported the same num¬ 
ber of breakers for the three consecutive 
months ,of July, August, and September 
were segregated, and Table III gives the 
breakdown or analysis of data for these 
systems. 

Table IV shows the cause of all the re¬ 
ported lockouts, irrespective of month or 
system, and Table V shows the breaker 
difficulties experienced. 

Since any failures or other difficulties 
with breakers were reported separately, 
and since systems which did not furnish 
operation and lockout data often did 
report such difficulties, the tabulation in 
Table V represents many more breaker 
installations than reported in the other 


tables and covers the entire year. Hence, 
the percentage of failures to installations 
could not be determined, although appar¬ 
ently it is very low. 

During 1942, because of the gasoline 
and tire shortage, REA-financed systems 
were asked to make complete counter 
readings only on April 1 and on October 1 
but to make lockout reports each month. 
In 1941 two additional manufacturers 
had breakers available, and some systems 
with these makes were included in this 
survey. These new makes have different 
characteristics and construction from the 
older makes, but in general the operation 
is the same. Table VI gives a summary 
of the data collected in the 1942 survey. 

In the 1942 survey, lockouts were re¬ 
ported each month, and, if no report was 
obtained after a letter follow-up, it was 
assumed that no lockouts occurred. 
Hence, some lockouts may have been 
omitted, accounting for the lower per¬ 
centage of lockouts to operations than in 
1941. 


Tabic V. Report of Single-Pole Reclosing-Circuit-Breaker Operation on REA-Financed 

Systems 

Reported Difficulties Experienced With Breakers—1941 


State 

Number 

of 

Breakers 

Affected 

Description of Difficulties 

Probable Cause of 
Difficulties 

Florida. 

. 5 . 

. . Oil gauges did not work. 

. . . Fiber gauge rod in- 




jured in shipment 


1. 

. . Breaker jacket injured. 

. . .Lightning 

Georgia. 

. 2 . 

.. Did not reclose-.. 

. . . Rust on trip counters 

Iowa. 

. 2. 

..Gears stripped on recycling device... 

. . . Breakers improperly 




located on system 


1. 

.. Coil lightning protector failed. 

. . . Lightning 


1. 

, . Failure to operate. 

. . .Not known 

Minnesota. 

. 4. 

.. Failure to operate. 

. . .Lightning* 

North Carolina... . 

. 1. 

. ."Burned out”. 

. . . Not known 

South Carolina... . 

. 2 . 

. . Registers did not operate. 

. . .Not known 

T exas. 

. 1. 

..Coil protector failed—breaker case 




shattered. 

. . . Lightning 

Wisconsin. 

. 1. 

. . Breaker case shattered. 

. . . Not known 

Total. 

.21 




* These are an older model. 
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DOLLARS SAVED PER MONTH PER BREAKER 


In view of the fact that in the field there 
occasionally seems to be no clear-cut 
distinction between a gap and a lightning 
arrester, a few errors may exist in the 
1941 and the 1942 surveys in separating 
the systems with gap-protected trans¬ 
formers and the systems with arrester- 
protected transformers. However, errors 
from this cause are small and should have 
little effect in the over-all results as shown 
on the summary for the period covered. 
The surveys indicate that there were 
about 26 per cent more operations of the 
breaker per mile of line with gaps than 
with arresters in 1942 and about 16 per 
cent more in 1941. Lightning protection 
is provided only at each distribution 
transformer, or on about 20 per cent of 
the poles on rural circuits. Each unpro¬ 
tected pole provides a potential point of 
flashover, and each such flashover will 
probably cause an operation of the 
breaker. Since the arrester will usually 
stop follow current without breaker op¬ 
eration, while the gap will not, the addi¬ 
tional operations per mile with gap- 
protected transformers can be expected. 

Table VII shows the reported cause of 
all reported 1942 lockouts. Table VIII 
gives a summary of the breaker difficul¬ 
ties experienced. As in 1941, Table VIII 


Curve 2 shows esti¬ 
mates of savings in 
operation and main¬ 
tenance costs by 100 
REA-financed sys¬ 
tems with 1/078 
breakers. Curve 1 
shows estimates in 
savings in operation 
and maintenance 
plus savings in retail 
sales by 53 REA- 
financed systems 
with 507 breakers. 
January 1 to 
October 1, 1942 

Figure 2. Estimates of monetary savings using 
breakers over previous practice 


represents more breaker installations than 
reported in the other tables, and covers 
the entire year. 

Records for circuit-breaker operation 
have not been obtained for winter months. 
Experience has shown that during this 
period the number of operations reduces 
considerably. Numerous letters and 
reports from system managers indicate 
that the oil circuit breaker is very effective 
in preventing outages caused by unequal 
snow loading and tree limb contacts. 
Particular attention is called to the fact 
that these systems have been operating 
with reduced personnel under national 
defense and wartime conditions. Be¬ 
cause of this situation an interesting as¬ 
pect of the use of the circuit breaker 
which showed up on some systems was 
that tree trimming and right-of-way clear¬ 
ing were often deferred if other work was 
pressing, allowing the breakers to take 
care of the situation. 

In the 1942 survey an attempt was 
also made to ascertain the monetary 
savings experienced by REA-financed 
systems using breakers. Systems were 


Table VII. Report on Operation of Reclosing 
Oil Circuit Breakers on REA-Financed Systems 
April 1 to October 1, 1942 

Cause of Lockouts 


Number of states reporting. 31 

Number of systems reporting. 163 

Total lockouts reported.1,930 

Percentage of lockouts due to: 

1. Conductor break. 10.1 

2. Pole break. 19 

3. Insulator failure. 11.8 

4. Arrester failure. 5.4 

5. Transformer failure. 5.6 

6 - Trees. 25.5 

7. Other. 18 .5 

8 . Not known. 21.2 


asked to furnish estimates on such sav¬ 
ings. Figures 1 through 3 give the results 
of this survey. Figure 1 shows a per¬ 
centage distribution of estimated savings 
for replacing fuses in a cut-out at one 
location. Experience has shown that 
circuit breakers usually show a greatly 
higher operation rate than the previous 
rate of fuse blowings at the same location. 
This may be caused by breaker operations 
occurring during the time which was 
formerly taken to replace the blown fuses. 
It is therefore not proper to multiply the 
number of breaker operations by the cost 
to replace fuses at a given location in 
order to obtain the total savings. Hence, 
the systems were asked to give estimates 
on the monthly savings effected by break¬ 
ers, and these are shown in Figure 2. 
Figure 3 shows the estimated breaker 
maintenance and replacement cost. 
These three charts are for the period of 
January 1 to October 1, 1942. Main¬ 
tenance costs on the breakers, now low, 
will probably increase as the units be¬ 
come older. 

Correspondence and discussions with 
various REA system managers indicate 
that the continuity of service brought 
about by the breakers is of far more im¬ 
portance than the savings in mainte¬ 
nance and operations expenses afforded 
by them. It is difficult to get at any 

Tabic VIII. Report on Survey of Single-Pole 
Reclosing Circuit Breakers on REA-Financed 
Systems/ 1942 

Summary of Reported Difficulties 


Table VI. 


Summary of Survey of Single-Pole Reclosing-Circuit-Breaker Operation 
REA-Financed Systems, April 1 to October 1 , 1942 


All Systems 


Systems With 
Gap-Protected 
Transformers 


Systems With 
Arrester-Protected 
Transformers 


Number of states represented. 31 

Number of systems reporting. 162 

Number of breakers reported. 2,455 

Miles of line controlled.55^238 

Average miles of line per breaker. ’ 22.6 

Number of breaker operations.98,858 

Total operations per breaker. 40.3 

Total operations per month per breaker. 6.7 

Total operations per mile. 1.79 

Total operations per month per mile. 0.298 

Number ol breaker lockouts. 1,840 

Lockouts per month per breaker. 0,125 

Lockouts per month per mile. 0.00555 

Per cent lockouts of operations. 1,87 

Operations per lockout. 53.7 

Per cent consumer hours outage time. 0.105 


23 

88 

1,314 

26,680 

20.3 

53,714 

40.8 

6.8 

2.01 

0.335 

877 

0.111 

0.00548 

1.63 

61.2 

0.097 


29 

99 

1,141 

28,558 

25.0 

45,144 

39.5 

6.6 

1.58 

0.264 

963 

0.141 

0.00562 

2.14 

46.8 

0.111 


Number of 

Probable Cause of Difficulties Breakers 


Lightning. 13 

Defective or broken ratchet mechanism. 7 

Warped or defective lockout mechanism. ... 8 

Overload. 3 

Burned contacts or worn parts. 4 

Dirty. 3 

Excessive or insufficient fault current. 4 

Noninterruption of fault. 1 

Other. 3 

Not known. 10 

Total.. 
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Figur 3. Estimates of breaker maintenance 
costs by 47 REA-financed systems with 624 
breakers, January 1 to October 1 , 1942 

figures on the number of consumer-hours 
outage time saved by the breaker system 
over the fused system, as few of the fused 
systems kept any detailed records of 
outage time. Indications are, however, 
that the improvement in most cases is 
substantial. 

These surveys and other experience 
have indicated that the automatic re¬ 
closing oil circuit breaker offers great 
possibilities for rural electric system sec- 
tionalizing. Since most of the REA lines 
are single phase, the greatest requirement 
is for single-pole breakers. Some systems, 
particularly those serving a large amount 
of irrigation load, use automatic reclosing 
three-pole breakers. In order to prevent 
voltage from appearing on an opened 
phase through ungrounded wye trans¬ 
former banks and also to prevent single¬ 
phase power being applied to three-phase 
motors, it appears that three-pole break¬ 
ers on feeders may become more neces¬ 
sary as the many small industries con¬ 
tinue to spring up around established 
REA systems requiring more and more 
three-phase power. 

The circuit breaker will probably not 
entirely replace the fused cut-out im¬ 
mediately or even in the future. In some 
locations, where the routine patrolling is 
of sufficient frequency, the fused cut-out 
may be more economical and the service 
maintained as satisfactorily as with the 
automatic breaker. Also, if a breaker 
such as described hereinafter can be ob¬ 
tained, single-shot fuse cut-outs can be 
used on short branch fines beyond such 
breakers. 

One of the major questions in the future 


development of the small distribution- 
type circuit breaker is the question; of 
time delay in opening. From the stand¬ 
point of protection to equipment and 
prevention of conductor failures caused 
by arc-overs, the breaker should open as 
rapidly as possible. On the other hand,, 
one of the objections to the fast-opening 
breaker has been that occasionally a 
damaged distribution transformer takes 
a fine section out of service because the 
breaker locks out prior to the blowing of 
the primary transformer fuse. Lockouts 
from this cause seldom occur, but, when 
they do, a large number of consumers 
may experience a long outage. Also, it 
is believed that time delay should afford 
an opportunity to co-ordinate a greater 
number of breakers in series and should 
provide better operation when picking up 
motor loads. 

Limitations are often imposed by the 
power supply agency, which usually speci¬ 
fies the supply side fuse size on the sub¬ 
station. If the purpose of this limitation 
is to insure co-ordination with relays 
further back on the transmission system, 
it can be understood, but unfortunately 
in many cases the supply side fuse size 
seems to be specified on no particular 
technical basis. Proper sectionalizing 
depends on system fault currents and 
time-current characteristics of apparatus, 
and the supply side fuse or other device 
is intended to operate only for short cir¬ 
cuit in the substation or in case the load 
side device fails. As pointed out by 
Marsh and Dodds , 3 it is not always pos¬ 
sible to expect complete co-ordination 
of the substation fuse with transmission- 
line relays over the entire range of fault 
currents and still allow adequate section- 
alizing by the consumer. In particular 
instances, discussion of the problem with 


supply agencies has usually resulted in a 
revision of requirements, and it is hoped 
that eventually all supply agencies will 
co-operate with consumers in reaching a 
solution satisfactory to both parties. 

In any case, the protection of equip¬ 
ment and the increasing use of high-speed 
relays puts a ceiling on the amount of 
time delay used, particularly since the 
breaker reopens three or four times for a 
lockout. Present indications are that 
the device should have fast opening on 
the first one or two openings and moder¬ 
ate time delay on succeeding openings. 
This would effect a compromise and allow 
the use of single-shot fused cut-outs be¬ 
yond the breakers on short branch lines. 

A possible specification for a small dis¬ 
tribution circuit breaker would have it 
satisfy the following requirements: 

(a) . The breaker be rugged and de¬ 
pendable. 

(b) . Be self-contained, requiring no current 
or voltage transformers. 

(c) . Be entirely automatic. 

(d) . Be equipped with two instantaneous 
openings and two subsequent time-delay 
openings to lockout, with recycling to 
original position for a temporary fault. 

(e) . Contain lightning and overload protec¬ 
tion. 

(/). Have a high insulation level. 

(g) . Have a fairly simple mechanism, easy 
to repair. 

( h ) . Be inexpensive. 

Future developments in rural electri¬ 
fication point to increased use of three- 
phase fines and interconnection of lines 
into networks. This trend will call for 
some sort of directional control on 
breakers. Devices which will distinguish 
between load and fault currents of the 
same magnitude are required. There is 
much to be done in the rural electric 
distribution field, particularly in circuit 
control. 
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Interim Report on Application and 
Operation of Automatic Reclosing 
Equipment on Stub Feeders 


miles, while for circuits supplying loads 
comprised of 25 per cent or more motor 
load, immediate initial reclosing is used 
for only 30 per cent of the circuit miles 
and an initial interval of 15 seconds or 
more is used for 68 per cent of the circuit 
miles. 


AIEE COMMITTEE ON AUTOMATIC STATIONS 

Subcommittee on A-C Automatic Reclosing Equipment 


Preface: The present war emergency re- 
quires that the maximum use be made of 
existing equipment and systems and that a 
minimum of critical material be used for 
new equipment. 

This publication and other guides and re¬ 
ports in this series have been prepared for 
the information of users during the war 
emergency. Upon termination of the war 
emergency they will be reconsidered by the 
Standards committee and the committees 
which prepared them, and will be approved, 
revised for normal use, or rescinded. 

This procedure is being followed in pref¬ 
erence to the preparation of special emer¬ 
gency standards which might involve rede¬ 
signing and drastic changes in manufac¬ 
turing practices. These guides will accomp¬ 
lish the maximum conservation of critical 
materials, since they provide for the maxi¬ 
mum use of existing equipment and systems, 
as well as new equipment without changing 
the fundamental basis on which the present 
standards have been prepared. 

Synopsis: This report presents the results 
of a survey which has been made to obtain 
data on typical present-day a-c automatic 
reclosing equipment and practices as ap¬ 
plied to stub feeders having a single end 
source of power. The data received provide 
a good summary of the reclosing practices 
in general use and the performance being 
obtained. It also gives an indication of the 
possibilities of using immediate initial re¬ 
closure more extensively for some types of 
loads. This subject is of timely interest 
because of the possibilities of conserving 
critical materials in such cases where the 
application of automatic reclosing equip¬ 
ment. will defer the necessity of providing 
additional circuit facilities. ° 


Paper 43-84, recommended by the AIEE committee 
on automatic stations for presentation at the AIEE 
meetin S. Cleveland, Ohio, June 
f 3 ' 1943. Manuscript submitted April 7, 1943* 
made available for printing May 10, 1943. ’ 

Personnel of the subcommittee on a-c automatic 
reclosing equipment: J. A. Elzi, chairman; J. T 
Logan, G, S. Whitlow. 

This report was prepared by the AIEE subcom¬ 
mittee on a-c automatic reclosing equipment of 
the committee on automatic stations for the purpose 
° essential information immediately avail¬ 

able to war industries, thus furthering the conserva- 
tion of valuable material for the war emergency, 
it IS educational and in no way mandatory It is 
not intended as a "Standard” and has not been- ■ 
approved formally by the Standards committee 
or the board of directors. 

It will be noted in the tabulation that 41 users 
furnished the data summarized in this report. 

he committee on automatic stations expresses its 
sincere appreciation to these organizations for their 
co-operation. 


value of the use of automatic re- 
■ closing equipment is generally recog¬ 
nized, but there is quite a bit of latitude 
possible in the application of equipment 
and the extent to which the greatest 
benefit will be derived from it. Operat¬ 
ing experience plays an important part 
in determining the most suitable type of 
equipment and the optimum settings. 

The scope of this survey was limited to 
stub feeders which are energized from one 
source only and which do not require 
voltage-checking devices nor synchroniz¬ 
ing relays. 

The data presented in this report are 
based on information supplied by 41 users 
and represent a total of over 100 typical 
applications covering a little more than 
70,000 miles of circuits in use by various 
companies or governmental units in the 
United States and Canada. The oper¬ 
ating voltages range from 2,300 volts 
and above, and the data submitted cover 
both isolated and grounded neutral sys¬ 
tems. A summary of the data regarding 
types of equipment used, reclosing cycles, 
and performance is given in Table I. 

Reclosing Cycle 

In analyzing the data regarding the re¬ 
closing cycle most commonly used, it was 
felt that it would be most significant to 
study the information on the basis of the 
interval of time used for the first reclosure 
and to apply a weighting factor propor¬ 
tional to the circuit miles for which any 
particular initial reclosing cycle is used. 
The time interval used for the second and 
third reclosures varies rather widely and 
depends on such factors as allowable 
breaker duty, relaying requirements, and 
allowance for clearing of temporary faults 
caused by tree limbs and swinging con¬ 
ductors. An analysis of the data re¬ 
ceived made on the aforementioned basis 
is shown in Figure 1. Immediate initial 
reclosing was reported for 70 per cent of 
the circuit miles for all types of loads. 
For circuits supplying 75 per cent or more 
residential load, immediate initial reclos- 
ing is used for 88 per cent of the circuit 


Successful Reclosing Operations 

The results of the questionnaire indi¬ 
cate that most users do not provide a 
means of differentiating between success¬ 
ful initial, second, or third reclosures. 
They appear to have definite data as to 
the per cent of successful reclosures and 
the per cent of lockouts, but in most 
cases have estimated the number of suc¬ 
cessful reclosures which were second and 
third intervals. Figure 2 has been pre¬ 
pared to show the successful initial re¬ 
closing performance in terms of circuit 
miles, and Figure 3 gives the average for 
all companies weighted in proportion to 
the circuit miles. From Figure 2 it will 
be seen that 80 to 90 per cent successful 
initial reclosing performance was re¬ 
ported for 53 per cent of the circuit miles 
and 70 to 80 per cent successful reclosure 
for 34 per cent of the circuit miles. Fig¬ 
ure 3 indicates that service is restored on 
the initial reclosure for 76 per cent of the 
circuit miles. 

Change of Relaying Time After 
Initial Reclosure 

b For about 75 per cent of the types of 
circuits reported, no provision is made for 



Figure 1. Summary of initial reclosing 
intervals 


Group 1. Average for all types of loads 

Group 2. Average for circuits having 75 per 
cent or more residential load 

Group 3. Average for circuits having 25 per 
cent or more motor load 
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Figure 2. Summary of successful initial re¬ 
closures 


changing the relaying time after the 
initial reclosure which would permit the 
circuit breaker or service restorer to clear 
the fault initially, providing selectivity 
with fuses or other fault clearing devices 
for subsequent reclosures. Of the 25 per 
cent of the users who do use this type of 
relaying, several have kept quite complete 
records and appear to be obtaining satis¬ 
factory results. Various schemes of pro¬ 
viding this type of relaying were de¬ 
scribed. Some companies make use of a 
contact on the reclosing relay, others pro¬ 
vide separate plunger-type relays, and in 
some cases this feature is incorporated in 
the service restorer. 


users that it would be desirable to have 
provision made for a quicker reset time 
on reclosures so as to avoid lockouts on 
recurring faults. 

Available Oil Circuit Reclosers and 
Service Restorers 

Quite a few of the users did not have 
this type of equipment in service or had 
insufficient experience to comment on 
this question. Of those that do use this 
equipment, approximately 50 per cent 
express the opinion that the present 
equipment is satisfactory and adequate, 
while the remainder indicated desired 
modifications. The features most fre¬ 
quently mentioned as being required are 
as follows: 

(a) . Greater interrupting capacity. 

( b ) . Better time-delay features to permit 
co-ordination with fuses and other fault¬ 
clearing devices. 

(c) . Higher continuous current ratings. 

Most of the users indicated a decided 
preference for three-pole devices when 
used on three-phase circuits and single¬ 
pole devices on single-phase circuits. 


Available Reclosing Relays 

A large majority of the users reported 
that the present available reclosing relays 
are satisfactory for their systems. There 
was an expression on the part of some 



Figure 3. Summary of successful initial re- 
closures 

A. Successful initial reclosures (including 

immediate and time delay) 

B. Successful second reclosures 

C. Successful third reclosures 

D. Lockouts 


Repeater Fuses 

Some 90 per cent of the operators using 
repeater fuses do not seem to find that the 
lack of the self-resetting feature results in 
excessive lockouts. Most of the users re¬ 
port that customary patrols of circuits 
are adequate to prevent.excessive lockouts 
from this cause and do not indicate an 
excessive amount of patrolling being re¬ 
quired to obtain this performance. 

Maximum Time of Circuit 

Interruption Without Dropping 
Motor Load 

Only a relatively few users have factual 
data regarding the maximum time a dis¬ 
tribution circuit can be de-energized with¬ 
out dropping an appreciable part of motor 
load. However, those who did present 
data appear to have analyzed the situa¬ 
tion rather carefully, and it is felt that 
the information given is therefore quite 
significant. Figures of 0.5 to 2 seconds 
appear the most frequently. One user 
reports the results of tests which indicate 
that for 98 per cent of the motors tested, 
an interruption of from 1 to 2.2 seconds 
would not result in dropping the induction 
motor load. 

There is quite a divergence of practice 
in the application of immediate reclosure 
for motor loads. Some users have 
adopted the practice of providing no 


immediate reclosure for any motor loads, 
but many report satisfactory performance 
with immediate reclosure for induction 
motors, and a few use this type of re¬ 
closure for synchronous motors as well. 
In this connection there are several con¬ 
siderations mentioned which are worthy 
of note: 

(а) . For the successful application of im¬ 
mediate reclosure for motor loads, special 
consideration may need to be given to the 
type of load served and the product being 
manufactured. 

(б) . Time delay is provided for undervolt¬ 
age release devices where used. 

( c ). For some synchronous motor loads it 
may be necessary to provide suitable equip¬ 
ment such as field removal relays, unloading 
devices, and so forth, to insure satisfactory 
operation. 

The replies to this part of the question¬ 
naire indicate that there is a need for 
special study in applying reclosing equip¬ 
ment to some motor loads, especially syn¬ 
chronous motors and that there is a defi¬ 
nite possibility of utilizing the benefits of 
immediate reclosure on motor circuits to 
a much wider extent than is now being 
done. 

Minimum Permissible 
Reclosing Cycles 

Here again it was found that there is a 
dearth of factual data regarding the mini¬ 
mum time required between reclosures to 
assure deionization of the arc path. Many 
of the users reporting on this part of the 
questionnaire expressed the opinion that 
an interval of approximately 0.5 second 
is satisfactory, while it was pointed out 
also by several that the time interval ob¬ 
tained by the use of normal speed breakers 
and immediate reclosing relays has re¬ 
sulted in no trouble because of restriking 
of the arc. Some do, however, feel that 
a period of 3 to 5 seconds should be al¬ 
lowed to permit swinging conductors to 
separate and falling tree branches to clear 
from the lines before they are re-ener¬ 
gized. Other users rely on the second 
reclosing interval to take care of these 
types of faults. 

Co-ordination Between Reclosing 
Equipment and Fuses 

Many of the users who replied to the 
questions regarding experience in obtain¬ 
ing successful co-ordination between re¬ 
closing equipment and fuses or reclosers 
and fuses report satisfactory results if 
care is taken in making the co-ordination 
study before the equipment is applied. 
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Difficulties which have been encountered 
in making these applications are: 

(a). Trouble in obtaining co-ordination 
with ground relays except in such cases 
where fuses of low current rating are ap¬ 
plicable. 

(5). Failure to obtain co-ordination be¬ 
tween service restorers with instantaneous 
trip and fuses unless the fuses are of such 
low current rating that they will blow at 
currents near the pickup, value of the 
restorer. 


Conclusions 

As the result of this survey, the follow¬ 
ing conclusions may be reached: 

1. In terms of circuit-miles, immediate 
initial reclosing is most commonly used for 
residential loads and 15-second initial re¬ 
closing for induction motor loads. 

2. Successful initial reclosing was reported 
for approximately 75 per cent of the trip 
outs. The second and third reclosures will 
be successful in approximately 15 per cent 
of the cases, and lockout can be expected in 
ten per cent of the cases. 

3. Present reclosing equipment appears to 
meet the requirements of most of the users 
except that a necessity for changes as noted 
previously in available oil circuit reclosers 
or service restorers is indicated. 

4. Circuits should be re-energized in 0.5 
to 2 seconds if the dropping of induction 
motor loads is to be avoided. 

5. No trouble from restriking of the arc 
was reported with immediate reclosure with 
normal speed breakers. Some users, how¬ 
ever, feel that an interval of 0.5 second 
should be provided. 

6. The possibilities of using immediate re¬ 
closing for motor circuits should receive 
further study, as there are indications that 
the advantages of immediate reclosing can 
be extended to include a much larger per¬ 
centage of motor circuits than is now being 
done. 
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Appendix. AIEE Committee on Automatic Stations Questionnaire 
on A-C Automatic Reclosing Equipment 


Please give data for each set of circuit and load conditions for which different reclosing 
practice is used. 

Reporting company.Location. 

A. Circuit and Load Data 

Voltage.Three-wire.Four-wire.Delta.Wye. 

Isolated.Unigrounded.Multigrounded. 

.per cent overhead.per cent cable 

Load_per cent residential_per cent induction motor... .per cent synchronous motor 

B. Equipment 

Repeating fuses two-shot.three-shot. 

Circuit breaker.pole (single or three) with.reclosing cycle. Specify most 

usual reclosing cycle as: instantaneous; 0—30—60 seconds; 15—30—75 seconds; 0—30 
seconds, and so forth. 

Service restorer.pole (single-pole or three-pole) 

Oil circuit reclosers.pole 

Protective relay.(instantaneous overcurrent, time delay overcurrent, and so 

forth) 

Does the equipment automatically change the relaying time after first, second, or third 
reclosure? ... Give brief description of sequence of operation. 

C. Experience Data 

Approximate.years.circuit-miles 

Successful reclosures for reclosing cycle given above 

Initial immediate.per cent. Initial time delay.per cent 

Second.per cent. Third.per cent. Lockout.per cent 

What has been found to be the most convenient way of determining the number of first, 
second, or third reclosures? 

Most common cause of outage cleared fast enough for successful immediate initial reclosing. 

Lightning.trees. 

Reclosing cycle found to be particularly suitable for: 

(a) . Lighting loads. 

(b) . Synchronous motor loads.'. 

C c ). Induction motor load. 

\d). Combined motor and lighting loads. 

(«). Selective operation with branch circuit fuses... 

(/). Selective operation with hranch circuit reclosers or service restorers. 

D. General 

Do available reclosing relays meet operating requirements, or is some modification in the 
operating cycle desirable? If so, please give suggested modification. 

Do available oil circuit reclosers or service restorers meet operating requirements, or is some 
modification desirable? If so, give suggested modification. Also give reasons for pre¬ 
ferring the single- or three-pole device. 

Does the lack of the self-resetting feature in the case of reclosing fuses result in excessive 
lockouts? What steps do you take (such as patrolling) to keep the number of lockouts 
to a minimum? 

What has been found to be the maximum time that the circuit breaker may remain open 
during a reclosing cycle, without dropping any appreciable part of the motor load? 
State whether load is predominately induction or synchronous. 

Give operating data which indicate minimum time that circuit breaker may be reclosed 
with assurance that fault arc path has been given sufficient time to deionize. In answer¬ 
ing this question, consideration should be given to the effect of counter electromotive 
force from synchronous machines (connected to the feeder) which tend to sustain the 
fault arc while the circuit breaker is open. 

What has been your experience in obtaining successful co-ordination between reclosing 
equipment and fuses, the latter being located in some subdivision of the feeder? 

What has been your experience in obtaining successful co-ordination between oil circuit 
reclosers or service restorers, and fuses, the latter being located in some subdivision of 
the feeder? 

Any additional comments: 


This questionnaire is limited to stub feeders which are energized from one source only and which do not re¬ 
quire voltage checking devices, synchronizing relays, and so forth. 
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Synopsis: A capacitance bridge for the 
calibration of instrument potential trans¬ 
formers up to 300 kv is presented in this 
paper. This bridge provides measurements 
which are correct within 0.1 per cent on 
ratio and 3 minutes on phase angle. There 
are within the bridge arrangements for 
testing its accuracy as determined by the 
stability of its component arms. It is par¬ 
ticularly desirable to have this means of 
self-testing if transformers are to be tested 
in a laboratory which does not have exten¬ 
sive standardizing facilities. Further ad¬ 
vantages beyond accuracy for standardiza¬ 
tion purposes are flexibility and ease of 
operation for production testing, and low 
cost and small volume as compared to a 
high-voltage resistance potentiometer. 


I N the determination of ratio and 
phase angle of potential transformers, 
measurements are required Which are 
correct within 0.1 per cent on ratio and 
three minutes on phase angle. Such 
measurements are made on transformers 
with voltage ratings as low as 110 volts 
and as high as 161 kv. It is probable that 
higher voltages may be used in the future. 

A capacitance bridge has been de¬ 
veloped for this purpose. This bridge is 
connected first as a Schering Bridge in 
order to establish the relative impedance 
of its arms; then it is connected one part 
to the primary winding of an instrument 
potential transformer and the other part 
to the secondary winding of the trans¬ 
former in order to determine the ratio 
and phase angle between the windings of 
the transformer. 

This method of measuring the proper¬ 
ties of transformers may be compared to 
the resistance potentiometer method 1 - 2 
and to previous proposals for capacitance 
bridge methods . 2 - 3 ' 4 - 5 The most con¬ 
spicuous advantage of this method over 
the resistance-potentiometer method is 
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the reduction in weight and space re¬ 
quired. The advantage over previous 
proposals of a capacitance bridge is pro¬ 
vision for reconnecting the bridge in order 
to establish its accuracy in place. 

Performance 

A bridge of this design was installed 
in the transformer section of the Pittsfield 
works' laboratory and used in conjunc¬ 
tion with the 132-kv shielded resistance 
potentiometer 1 already there. It was 
operated for a period covering both the 
winter and summer seasons. 

The relative size of the capacitance 
bridge made it very attractive, as it re¬ 
quired 200 square feet of floor space 
whereas the resistance potentiometer re¬ 
quired 900 square feet. The saving of 
factory space allows a saving in testing 
because it facilitates the handling of trans¬ 
formers during this stage of manufacture. 

Transformers have been tested 
throughout the range 110 volts to 161 kv. 
The extreme flexibility of the capacitance 
bridge was an appealing point to the 
operator. A 1400:1 ratio could be 
checked as easily as a 20:1. The change 
from one voltage or ratio to another 
could be done without changing high- 
voltage taps on the equipment. Odd 
ratios were just as simple to measure as 
were the integral ratios. 

A 50 micromicrofarad high-voltage 
compressed-gas capacitor was used for 
ratios down to 10:1. Below 10:1 ratio 
a 200 -micromicrofarad shielded air ca¬ 
pacitor was used. This combination of 
standard capacitors provided good sen¬ 
sitivity over the whole voltage range. 

After this experience a permanent in¬ 
stallation was decided upon. A new 
bridge was built and installed and has 
been in use for over a year. This bridge 
provides measurements which are cor¬ 
rect within 0.1 per cent on ratio and three 
minutes on phase angle throughout the 
voltage range used thus far. The bridge 
voltage rating is 300 kv, and no difficulty 
is expected in extending measurements to 
this voltage. 


The Bridge Circuit 

This bridge has two resistance arms and 
two capacitance arms as shown in Figure 
la. Two of these arms, R$ and C% are 
fixed in magnitude. C 2 is a shielded gas 
capacitor for high-voltage use. The other 
arms, R 4 and Ci, are continuously ad¬ 
justable. If Ri is adjusted to a con¬ 
ductance -y/n times that of Rz, where n 
is the ratio of the transformer to be 
tested, the bridge can be balanced by 
adjusting C\ to a capacitance y/n times 
that of C 2 . Now suppose Ci and C 2 
interchanged and the transformer con¬ 
nected so that the high-voltage winding is 
connected to C 2 in series with Ri and the 
low-volt age winding to C\ in series with 
Rz, Figure lb. The smaller capacitance, 
C 2 , is now in series with the larger con¬ 
ductance, R h but the voltage applied to 
this combination is n times that applied 
to the larger capacitance in series with 
the smaller conductance. Thus the volt¬ 
age drop across Rz is again equal to that 
across and the bridge again in balance 
excepting a small phase shift explained 
in Appendix I. If the transformer ratio 
differs slightly from n, the small change 
in or R A required to restore balance is 
a measure of this departure. Used in 
this manner, the bridge gives evidence of 
its own stability before each measure¬ 
ment on a transformer. This self-stand- 
ardizing feature is particularly desirable 
if transformers are to be tested where 
extensive standardizing facilities are not 
available. 

A detailed explanation of this bridge 
circuit for measuring the ratio and phase 
angle of a transformer is developed in 
Appendix I. The bridge connections 
finally arrived at are shown in Figure 4. 
In this figure Rz 3 is a bridge resistance 
arm adjustable from 9,900 ohms to 
10,110 ohms, set at 10,000 ohms when the 
ratio correction factor is unity. The ad¬ 
justing dials are marked directly in ratio 
correction factor. Adjustment for phase 
angle is made by changing Cm, and Cm 
is marked in such units that it reads 
directly in phase angle at 60 cycles when 
Rm is at 10,000 ohms. Departure from 
direct reading in phase angle at other 
values of Rm may be corrected by refer¬ 
ence to a curve in any case and is mini¬ 
mized by care in the design of the RmCm 
arm of the bridge so that no correction is 
required on the greater portion of trans¬ 
former tests. 

Rm in the bridge is made of a conduct¬ 
ance decade; that is, of resistors con¬ 
nected in parallel by a switching se¬ 
quence, marked in terms of y/n where 
n is the nominal transformer ratio. The 
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Figure 1, Basic connection 
diagrams 

(a). Schering bridge 
r 4 (b). Transformer bridge 



CkO 


03 

conductances of the principal resistors in 
i ?34 are 1, 2, 2, 5, 10, 20, 20, and 50 times 
the conductance of the 10 , 000 -ohm setting 
of Raz. 

Note particularly that errors in the ratio 
of i ?33 to i ?34 are doubled in their effect 
on the determination of potential trans¬ 
former ratio. This is not a serious dis¬ 
advantage because the conductance dec¬ 
ade arrangement, in which most of the 
conductance of R^ is made up of steps of 
Ya* 1 , and 2 times 10 w where m is an 
integer, lends itself especially to precise 
and accurate determination of the ratio 
between i ? 33 and R S4 . 



Capacitor C 32 in Figure 4 is of fixed 
capacitance and suitable for use at 
high voltage. C 31 is an adjustable low- 
voltage capacitor with worm drive for 
precise setting while balancing the bridge. 
Any difference in dielectric loss angle 
between these capacitors appears double 
as an error in transformer phase-angle 
measurement. This error will not ex¬ 
ceed one-quarter minute of angle so long 
as the capacitor at C 31 is kept fairly dry . 7 

The Bridge 


The high-voltage capacitor which con¬ 
stitutes one bridge arm, C 32 of Figure 4 , 



Figure 3. C nnection diagram, capacitance 
bridge for comparing two voltages 


has shielded concentric cylindrical elec¬ 
trodes operated in carbon dioxide at 
about 100 pounds per square inch gauge 
pressure. Figures 5 and 6 show the con¬ 
struction. The essential properties and 
advantages of standard capacitors con¬ 
structed in this manner have been set 
forth elsewhere 0,7 and will merely be 
summarized here. 

(a) . Change of dimensions with voltage is 
calculably negligible. 

(b) . Change of dimensions with tempera¬ 
ture and its effect on capacitance is cal¬ 
culable. 

(c) . Change of capacitance with align¬ 
ment is calculable; thus, limits within which 
it is negligible may be established. 

(d) . The maximum dielectric loss angle en¬ 
countered in such capacitors is small as 
compared to usual phase-angle accuracy 
requirements, that is, much smaller than 
one minute at 60 cycles. 

With respect to factor b, the massive 
tank by its thermal slowness limits tem¬ 
perature gradients inside the capacitor. 
A steady-state temperature change of 
five degrees centigrade or a change in the 
temperature difference between electrodes 
of two degrees centigrade is required to 
produce 0.01 per cent effect on measured 
ratio. In order to produce this effect, 
these changes must occur between the 
standardization in terms of bridge re¬ 
sistors and the measurement on the trans¬ 
former, a matter of a few minutes at 
most. 

This capacitor may be operated at 
voltages up to 300 kv rms. 

The other parts of the bridge are 
housed in the case shown in Figure 7 
and Figure 8 . Note at the top of Figure 
8 the parallel plate capacitors used at 
C 3 i of’lFigure 4. One of these has a worm 
drivefwhich allows adjustment to 0.005 



Figure 4. Connection diagjam of bridge for 
measuring the ratio and phase angle of po¬ 
tential transformers 


micromicrofarad. The other two are of 
fixed capacitance and may be switched 
into circuit to extend the capacitance 
range. All have plates supported from a 
guard structure with the solid insulation 
shielded from the field between plates. 

Dielectric loss angle of these capacitors 
is ordinarily less than 0.00002 or four 
seconds of angle. The accuracy of phase- 
angle measurement depends upon the 
maintenance of a small loss angle. Proof 
of such maintenance is obtained from the 
standardization balance of the bridge 
before each measurement. Any change in 
C 34 of Figure 4 from the customary value 



Figure 5. Compressed-gas capacitor, 300 kv 


is evidence that the relative dielectric loss 
angle of the air capacitors has changed. 
In practice, only the low-voltage capaci¬ 
tor changes, and it changes only because 
of humidity and dirt . 7 Ordinary care 
in maintenance will avoid such changes. 

The resistance arms of the bridge are 
partly visible in Figure 8 , behind the 
galvanometer amplifier case. The prin¬ 
cipal resistors are of manganin.' The one 
micromho steps are of advance alloy, 
and the smaller conductance decades are 
carbon resistors. These latter serve only 
for fine adjustment of the \/n arm, hence 
errors of several per cent are allowable. 

The galvanometer and its amplifier 
are in a case within the main bridge case. 
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Figure 6. Cross section of the 300-kv 
capacitor 

The capacitance between cases is a part 
of C 34. 8 It is not affected by switching 
connections and therefore not a factor in 
the accuracy of the bridge. 

The lower part of the bridge case has 
relays which connect an auxiliary power 
supply for the calibrating balance of the 



Figure 7. Bridge for measuring ratio and 
phase angle of potential transformers 


bridge and which may be used for remote 
control of high-voltage switching. 

Measurement Procedure 

The operation of the bridge is as fol¬ 
lows: 

1 . Set ratio-correction-factor dials at 
1 . 0000 ; set phase-angle dials at a value 
determined by the ratio of the transformer 
to be tested; set sjn dials at the square 
root of the nominal transformer ratio; then 
turn selector switch to “calibrate.” 



Figure 8. Back view of the bridge, case open 


2. Apply power to calibrating circuit, and 
balance the bridge by adjusting the low- 
voltage air capacitor Cn and the capacitance 
C 34 of Figure 4. 

3. Connect transformer to be tested and 
turn selector switch to “measure.” 

4. Apply power to, transformer and bal¬ 
ance the bridge by adjusting the ratio-cor¬ 
rection-factor and phase-angle dials at each 
desired burden and excitation. Ratio cor¬ 
rection factor of the transformer is read 
directly from the dials. Phase angle is read 
directly from the dials on tests at 60 cycles. 
At other frequencies the dial reading must 
be multiplied by the ratio of the test fre¬ 
quency to 60. 

Standardization of the Bridge 
Resistance Arms 

Accuracy of the transformer-ratio 
measurement re§ts on the accuracy with 
which resistance ratio between the bridge 
arms is known. The ratios of the vari¬ 


ous R 34 settings to R& are preferably 
determined in place using a step-by-step 
procedure which imposes conditions 
equivalent to those of actual use. A 
schedule has been established whereby 
these ratios can be determined after 
about one hour’s systematic work. This 
procedure has been confirmed by meas¬ 
uring the resistances separately in terms 
of resistance standards which in turn have 
been Compared to standards maintained 
at the National Bureau of Standards. 

Changes in the present bridge since 
the initial standardization have been 
confined to the expected trivial slow drift 
in relative resistance of the arms, but it 
must be recognized that a significant 
change is possible at any time, although 
it is not expected. Therefore, the oper¬ 
ator should be alert for any irregularity 
in the “calibrate” balance before each 
measurement and, in addition, should 
carry out occasionally the schedule 
established for determining resistance 
ratio between the arms. That this can be 
done without external standards is an 
advantage. 

Summary 

A bridge has been developed for meas¬ 
uring the ratio and phase angle of in¬ 
strument potential transformers. The 
measurements are correct within 0.1 per 
cent in ratio and three minutes in phase 
angle. The bridge rating is 300 kv, but 
actual use thus far has been limited to 
tests at 161 kv and below. This limit 
was imposed by the transformers requir¬ 
ing test, and extension of tests to higher 
voltage, when transformer design re¬ 
quires it, offers no difficulty. 

Appendix I 

Consider Figure la in which C\ and C 2 in¬ 
dicate capacitance while R 3 and R 4 indicate 
electrical resistance. If an alternating cur¬ 
rent is supplied by generator 5, the condi¬ 
tion for no resultant potential across a cir¬ 
cuit element 6, such as a galvanometer, is 
that: 

Q/C^Rs/R* ( 1 ) 

When it is sought to realize the circuit of 
Figure la in practice, it becomes necessary 
to take into account any departure of actual 
capacitors from being pure capacitance and 
any residual inductance or capacitance of 
the resistors which may be used where re¬ 
sistance is indicated in the figure. In addi¬ 
tion, capacitance from conducting parts of 
the apparatus to earth and to other appara¬ 
tus not shown may affect the distribution of 
current from the generator. Figure 2 shows 
diagrammatically the arrangement of appa¬ 
ratus which results when these factors are 
considered. , 
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In Figure 2 , Cn, and C 12 are capacitors 
each having electrodes 7 and 8 and further 
electrodes 9 which entirely surround elec¬ 
trodes 8 , excepting the exposure of elec¬ 
trodes 8 to electrodes 7. Electrodes 7 and 8 
are supported from electrodes 9 by separate 
pieces of solid insulating material so that no 
solid insulation lies in the region between 
electrodes 7 and 8 . This region is filled with 
air or other gas. 

i?i 3 indicates the resistance of a resistor. 
The residual inductance or capacitance of 
this resistor, expressed as capacitance, to¬ 
gether with any deliberately introduced 
capacitance, is shown as C u - Similarly, 
and Cu indicate another resistor with its 
associated capacitance, whether deliberately 
introduced or accidental. A galvanometer 
or other voltage-detecting means is shown 
at 16. A conducting case 18 may enclose 
circuit elements 13, 14, and 16 to shield 
them from external electric field. If the 
galvanometer 16 is shielded by a shield 19 
connected as shown in the figure, the ca¬ 
pacitance from shield 19 to case 18 must be 
included as part of the capacitance C u . 
There are also other means of successfully 
shielding galvanometer 16. 

Suppose alternating current is supplied 
by generator 15, and suppose further thal 
the circuit elements are adjusted until no 
voltage exists at galvanometer 16. Suppose 
that impedance 17 has been adjusted until 
no voltage exists between conductors 8 and 9 
of the capacitors. Under these circum¬ 
stances the current through the impedances 
indicated by the subscripts 13 and 14 will be 
exclusively the charging current through the 
direct capacitance between plates 7 and 8 
of capacitors Cu and Cu, respectively. The 
necessary and sufficient relationships be¬ 
tween the impedances indicated by the 
subscripts 11, 12, 13, and 14 are: 

C n /C n = R u 'R u ( 2 ) 

and 

+ C 12 ) — 0 (3) 

combining equations 2 and 3 gives the simple 
relation between the impedances indicated 
by subscripts 13 and 14: 

RuCu ~~’RuCis = 0 ( 4 ) 

If, now, an imperfect dielectric is intro¬ 
duced between the plates 7 and 8 of one 
capacitor, say capacitor 12 , the angle A by 
which the vector representing the charging 
current of this capacitor lags that represent¬ 
ing the charging current of a pure capaci¬ 
tance is given by the expression, valid for 
angles so small that the angle expressed in 
radians approximately equals the tangent of 
the angle: 

A = 0 }(RnCn — R 13 C 13 ) ^ 

where tu = 27r times the frequency in cycles 
per second. This is the Schering bridge 
(.Thomas bridge) commonly used for di¬ 
electric measurements . 10 * 11 
Consider now Figure 3, similar to Figure 2 
except that generator 25 supplies current to 
capacitor C 22 while separate generator 20 
supplies current to capacitor C 21 . Suppose 
that these generators have voltages in 
phase with one another, but that the voltage 
of generator 25 is n times the voltage of 
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generator 20. The condition for no voltage 
at galvanometer 26 is: 

nR 23 R 2A 

1 -{-jcoR^CoZ 1 +jcoi ? 24 Cu 

R 23 ^ 1 R 2 i ^ 1 

1 + 7 ’coi ?23 C23 7co C22 1 + jo>R 2 Cu ju) C 2 1 

The expanded statement of the relation be¬ 
tween the impedances indicated by the sub¬ 
scripts 21, 22, 23, and 24 necessary to satisfy 
this condition is unwieldy in length. If the 
impedances are selected so that 

The impedance of C> 1 is much greater than 
Rn 

The impedance of C 22 is much greater than 
Rn 

uR^C^ is much less than 1 
osRu C 24 is much less than 1 

certain approximate relations are sufficient. 
These follow: 

C 2 i/ C 22 — nR 23 )Ru (7) 

( C 04 -}- C 21 ) R 23 ( C 23 ~f" C 22 ) — 0 ( 8 ) 

If there is a difference B in phase angle 
between the voltages from generators 25 
and 20 , small enough that the angle expressed 
in radians may be assumed equal to the 
tangent of the angle, 

B = RuiCuA-C 2 \) — ^23 (C 23 -f- C 22 ) (O’) 

It is evident that the bridge of Figure 3 
may be used for the measurement of the 
ratio and phase angle between voltages such 
as the primary and secondary voltages of an 
instrument potential transformer, since 
equations 7 and 9 enable the calculation of 
ratio and phase relationship from the ob¬ 
served values of C 2U C 22> R 23 , C 2h R 2A , and 

C 2 4 - 

If such comparison is to be made with 
great accuracy, it is necessary to consider 
the accuracy with which the value of the 
several circuit elements may be known. 
Consider equation 7. Resistors are com¬ 
monly prepared of alloy wire little enough 
affected by temperature variations and of 
such permanence that the resistance may be 
known within 0.01 per cent. Air capacitors 
are not made readily with such accuracy. 
Consider now equation 9. This equation is 
based on equality of phase angle between 
current and voltage in the two air capacitors 
represented by C n and C 22 . This condition 
may be realized within some few seconds of 
angle. However, uncertainties in the value 
of C 2 s and C 2A may lead to errors in usual 
practice nearly as large as one minute of 
angle in the determination of the phase 
angle B. 

It would be desirable to determine the 
ratio and phase angle between two voltages 
in terms of the more accurately definable 
quantities, that is, the resistances R 2S and 
i?24 and the purity of the capacitances at 
C 2 \ and C 22 . For a method of accomplishing 
this end, refer to Figure 4. In this figure, 

C 32 is a fixed air or gas capacitor, shielded 
and guarded in the fashion previously de¬ 
scribed. C 31 is an adjustable air capacitor so 
shielded and guarded. It is required of 
C 31 that once it is adjusted, it shall, if not 
touched, remain constant in direct capaci¬ 
tance between its electrodes 7 and 8 until 
the measurements described hereafter are 
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completed. It is not required that any par¬ 
ticular adjustment shall be reproducible at 
a later time. Resistances R 33 and 7 ? 34 shall 
be adjustable so that 

RwtRu ~r ( 10 ) where r- — n ( 11 ) 

and n is the nominal or approximate ratio 
of two voltages, nearly in phase, which are 
to be compared with respect to ratio and 
phase angle. In making this adjustment it 
is convenient but not necessary to have the 
resistance in ohms of Rm a round number 
while Ru is adjustable to secure the ratio r. 
The capacitance associated wilh R 33 is, for 
convenience in showing the working of this 
test method, assumed to be made up of two 
parts, an adjustable calibrated portion C 33 
and a small unknown capacitance X , which 
will not change provided R s 3 is unchanged 
during the course of the measurements. 
Similarly, with R Si is associated the. known 
adjustable capacitance C 3 ,1 and the unknown 
fixed capacitance F. 

In the use of this method, a source of 
alternating voltage is connected from M 
and N to G, Figure 4, and the switch 35 is 
positioned to connect Cm to R 34 and C 32 1 o 
-R 33 . C 33 is adjusted to some arbitrary small 
capacitance; R u is adjusted in accordance 
with equation 10 ; then C u and C 3! are ad¬ 
justed until galvanometer 36 indicates 
equality of the voltages across R 33 and R M . 
By analogy to equation 2, this is true when 


£ 31 /C 32 — Rm/R 3a (12) 

whence, from equation 10 , 

C 3 i/C 32 = r ( 13 ) 

From analogy to equation 4 

•^34(C 3 4+ Y) — R38(Cs 3 +A') =0 (14) 

whence 

C 3 4 -f- Y= (R 33 /R 3A )(C 3 s~\~X) (15) 

using equation 10 

C 34 +F=r(C 33 4-X) (16) 


Now the switch 35 is changed so thal 
C 3 i is connected to R 33 and C 32 to R 34 while 
separate voltage sources are connected 
from M to G and from N to G. The voltage 
at M is n times that at N and in phase with 
that at N. Now by analogy with equation 
7 ». equality of voltage across R n and R HA 
will be secured when 


Cn/C 32 = nR 3 A /R 33 ( 17 ) 

substituting from 10 and 13, r = {n/r) there¬ 
fore, 7 ? = r 2 which is simply equation 11 . 
Thus, R 33 , R Uf C 32 , and C 3 i need not be 
changed if the ratio between voltages at 
N and M is actually n. However, C 33 or 
C 34 will have to be changed, as may be 
seen from analogy to equation 8 . Suppose 
C 33 is unchanged, but C34 is changed to a 
new value C 3A ' in order to secure equality of 
voltages across R 33 and R 3A : ' 


R34 ( Cm '+ F-f C30) - R33 ( Cm 4 -X -f- C S1 ) = 0 


C*'+Y=r{Cu+X+C zx )-Cn 

Subtract equation 16 

C»+Y=r{Cn+X) 

C34 C34 = Y C 31 — C32 


(18) 

(19) 

(16) 

( 20 ) 
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but, from equation 13 1 

rC 3 i = r 2 C 3 2 = ;/Q 2 (13) 

therefore, 

Cu'-Cu^iv-DCn ( 21 ) 

Note that X and Y need not be known. Any 
departure of the ratio between the two 
voltages from the assumed value will re¬ 
quire a proportionate change in either R 33 
or i? 34 . Similarly, if the two voltages do not 
agree in phase, either C 33 or Cm will need to 
be changed. Specifically, if C u is changed 
to C 34 ' as indicated in equation 21 , any fur¬ 
ther change necessary will be due to a phase 
difference D, expressed in radians. 

£> = wi ? 33 times the change in C 33 

or 

D ~ cdi? 3 4 times the change in C34, whichever is 
changed. 

In the operation of the bridge for instru¬ 
ment potential-transformer calibration, it 
has been found most convenient to mark 
C 33 in minutes of angle at 60 cycles. Then 
the calibrating balance of the bridge (as a 
Schering bridge) is made with C 33 set at such 
a value (in minutes at 60 cycles) as that re¬ 
quired for the change from C 33 to C 33 ' when 
the arms are reversed. 

C33-C 33 '=[(n-l)C a2 ]/r (22) 

This makes C 33 ' the capacitance marked 
"0 minutes” on the dial. 
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W HEN carrier current was first ap¬ 
plied to protective relaying of the 
directional type, it consisted of a simple 
telegraph channel. Subsequent develop¬ 
ments have expanded the capabilities to 
the extent that each carrier channel for 
pilot relaying now may provide one or 
more of the following additional services: 

1. Simplex telephony for testing or emer¬ 
gency use. 

2. Telemetering or load control. 

3. Supervisory control of unattended sub¬ 
stations. 

4. Remote control of circuit breakers or 
sectionalizing switches. 

5. Transferred tripping to provide differ¬ 
ential protection for transformer banks used 
with only a low-voltage circuit breaker. 

Situations frequently arise where a 
power-system planning or designing engi¬ 
neer finds it necessary to install a power 
transformer with only a low-voltage 
breaker. This is particularly true under 
present conditions where new plants must 
be served with as little additional equip¬ 
ment as possible. In many cases, this 
resolves into extending a line from an 
existing station or bus and terminating it 
with a transformer bank. Another com¬ 
mon arrangement is to tap the trans¬ 
former bank on an existing line, using only 
a low-voltage breaker. 

Both of these arrangements present a 
problem for the relay engineer, especially 
the protection of the transformer bank. 
The standard line relays give some protec¬ 
tion for transformer . faults hut usually 
cannot be set for the required sensitivity. 
Some conventional type of differential re¬ 
lay can be used to detect faults in the 
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transformer and cause tripping of the 
local low-voltage breaker, but this does 
not clear the fault. If the fault is on the 
low-voltage winding, or close to the 
ground end of the high-voltage winding, 
there is a good possibility that the remote 
relays will not have the required sensi¬ 
tivity to trip the remote circuit breaker. 

In this case it becomes necessary to 
convey the tripping indication from the 
local differential relay to the remote cir¬ 
cuit breaker, and this can be accomplished 
by pilot-wire circuits, carrier-current 
channels, and so forth. Another method 
of tripping the remote breaker is to place 
a fault on the high-voltage side by means 
of a shorting switch which will produce a 
fault of sufficient magnitude to operate 
the remote trip relays. It is the purpose 
of this paper to describe a simple and 
reliable method of remote tripping trans¬ 
mitted over a carrier-current pilot relay¬ 
ing channel. 

The accepted practice for carrier-cur¬ 
rent pilot relaying channels is to operate 
them as simple telegraph channels which 
transmit carrier to hold a blocking relay 
in the nontrip position at the ends of the 
line section. In this type of operation, the 
channel is in use only a short portion of 
the time for relaying or test, and it is 
customary to include modulation equip¬ 
ment to provide a testing or emergency 
telephone channel. The addition of the 
remote tripping function to the carrier- 
current channel improves the use factor 
and requires less critical material than 
other methods. 

As previously stated, the pilot relaying 
equipment for protection of the trans-' 
. mission line operates on a blocking prin¬ 
ciple. The carrier transmitter is main¬ 
tained in a stand-by condition at all 
times, with full voltage on plate and 
cathode-heater circuits, but the screen 
grids of the transmitter tubes are main¬ 
tained at a negative potential with respect 
to the cathodes, which prevents the trans¬ 
mitter from operating. Wlien the con¬ 
tacts of the fault-detector relays operate, 
the screen grids immediately change to a 
positive potential, and the carrier trans¬ 
mitter is started. If the fault is within 
the range of protection of the relays, the 
directional relays operate to re-establish 
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the grid bias on the transmitter tubes and 
stop carrier transmission. As soon as the 
carrier blocking signal is removed, the 
receiver relay is free to complete the cir¬ 
cuit through the contacts of the tripping 
fault-detector relay to the trip coil. 
After the blocking signal is removed, the 
receiver relay drops out in about five milli¬ 
seconds. The completion of the trip cir¬ 
cuit operates a seal-in relay which by¬ 
passes all other relay contacts and holds 
the trip circuit energized until the circuit 
breaker opens. 

It can be seen that with this mode of 
operation, momentary blocking of the 
receiver relay by interference produced by 
extremely short-time transients, such as 
lightning, will have no appreciable effect 
on the successful operation of the relaying 
system. 


Operating time is an important con¬ 
sideration in any protective relaying 
scheme, and this speed must be accom¬ 
plished with satisfactory accuracy. Where 
this tripping signal is being superimposed 
on an existing channel, also having high 
speed requirements, it becomes necessary 
to make some compromise in order to ob¬ 
tain simplicity of equipment. Insofar as 
the transformer bank is concerned, the 
tripping time should be instantaneous to 
limit the extent of the damage. In many 
cases where no provision is made for 
tripping the remote breaker, the trans¬ 
former fault will remain on the system 
until a telephone call can be put through 
to the remote station, or events will follow 
their usual course with the fault spreading 
until the current is sufficient to operate 
the remote line-protection relays. 


peated several times or the transmitter 
runs continuously until the hand-reset 
auxiliary tripping relay associated with 
the transformer differential protection is 
reset. The ten-impulse code thus is re¬ 
peated several times to assure tripping, 
since any interference received just before 
or during a tripping signal may mix up the 
code and prevent operation. The con¬ 
tinued-impulse type of code provides a 
short recovery time after such an inter¬ 
ference. 

The carrier-frequency shift or fre¬ 
quency-modulation method requires a 
separate receiver and introduces some 
complexity in the transmitter. While this 
arrangement has been applied in certain 
cases, the audio-tone method is easily 
added to existing equipment and has some 
very practical advantages. 



EQUIPMENT 

When the blocking system is inverted 
and a tripping signal is sent instead of a 

blocking signal, it will be noted that an Between the two 


Figure 1. One-line 
schematic diagram of 
typical remote-trip 
installation 

A. Transmits and re¬ 
ceives remote-trip 

signal 

B. Transmits and re¬ 
ceives remote-trip 

signal 

C. Receives remote- 

trip signal 


extremes of instan- 


operation of the receiver relay by inter- taneous tripping and not tripping at all, 
ference cannot be tolerated. Since there a maximum relay time of 0.5 second was 


are no remote fault detectors which recog- selected as a reasonable value which would 
nize the fault in the transformer bank, it is make ^ possible to obtain the required 
necessary to entrust to the carrier-current accuracy with simple equipment. 


channel the complete job of tripping the 
remote breaker. 

There are many possible methods of 
conveying this remote tripping informa¬ 
tion over the carrier-current channel. 
Some of these may be summarized as 
follows: 


The keyed-carrier method was first in¬ 
vestigated since it had the outstanding 
advantage of requiring no changes in the 
carrier equipment. There are various 
factors, however, which offset this ad¬ 
vantage since the complications are trans¬ 
ferred to the selector mechanism, and 


}■ Keyed code. This requires no change theSC complications increase as the trip- 
in carrier set but requires mechanical coder P 1T1 £ ^ime * s decreased. Where this re- 
and decoder or selector mechanism. mote tripping function is to be added to 


2. Modulating tone applied to carrier.' 
This requires an oscillator at the transmit¬ 
ting end and a filter unit at the receiving- 
end. 

3. . Frequency shift of carrier. This re¬ 
quires a means for shifting the carrier fre¬ 
quency at the transmitter end and a special 
receiver to recognize this shift in frequency 
either by a heterodyne method, by a bal¬ 
anced discriminator, or by simply shifting 
carrier far enough to avoid interference from 
the normal carrier frequency. 

4. Some combination of the foregoing 
methods, such as keyed modulation, modu¬ 
lation applied as frequency modulation, or 
combinations of more than one modulating 
tone. 


an existing carrier channel of older design 
equipment which did not provide modula¬ 
tion facilities, or a receiver with a satis¬ 
factory audio output, there is consider¬ 
able merit in an arrangement which em¬ 
ploys keyed carrier and a selector, al¬ 
though the relay time is increased. 

One such arrangement may consist of a 
transmitter which sends short impulses at 
a uniform rate of ten per second, and a 
selector mechanism which will reject any 
other combination of dots, dashes, or 
spaces in transmission. Ten consecutive 
impulses must be received in order to 
trip the breaker, and the code is either re- 


After due consideration of the various 
points of each method, the arrangement 
using an audio modulating tone was se¬ 
lected to convey the tripping information 
over the carrier channel. Factors in¬ 
fluencing this decision were: 

1. The necessary speed of operation could 
be obtained with the required selectivity. 

2. The equipment could easily be added 
to the standard equipment for pilot relaying. 

The design of this modem carrier equip¬ 
ment provided the necessary modulator 
and a receiver with satisfactory audio¬ 
output characteristics, while the oscilla¬ 
tor and filter units were in production as 
components of other standard carrier- 
current equipment. 

The details of the over-all operation of 
this system may be summarized as follows: 
At the sending end, the occurrence of a 
fault in the transformer bank operates the 
differential relay, which in turn operates a 
hand-reset multicontact auxiliary relay. 
One set of contacts on this relay starts 
carrier transmission, and another contact 
starts the audio-oscillator unit which usu¬ 
ally is adjusted for a frequency of 3,000 
cycles. This 3,000-cycle tone modulates 
the transmitter output. At the receiving 
end of the carrier channel, the receiver de¬ 
modulates the incoming signal, and the re¬ 
sulting 3,000-cycle audio tone is fed into 
the input of the filter unit. The filter unit 
consists of a vacuum tube operated as a 
relay tube with sufficient negative bias to 
prevent plate current from flowing under 
stand-by conditions. The tuned circuit 
is connected across the input to the con¬ 
trol grid and adjusted to 3,000 cycles. 
This arrangement attenuates all fre¬ 
quencies except the 3,000-cycle signal, 
which, when applied to the grid of the re¬ 
lay tube reduces the bias voltage, and 
plate current flows in the relay circuit to 
operate the audio relay. The audio relay 
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is provided with an adjustable time delay 
of 0.1 to 0.5 second to further improve the 
over-all selectivity of the equipment by 
preventing operation on nearby lightning 
strokes or other causes of interference. 
When this relay operates, it energizes a 
hand-reset auxiliary which trips the circuit 
breaker. 

, Details of Equipment 

The basic carrier equipment for pilot 
relaying consists of a transmitter-receiver 
unit, a coupling capacitor to couple the 
signal to the high-voltage line, and a line 
trap to terminate the protected line sec¬ 
tion in a high impedance to prevent the 
short-circuiting of the carrier channel by 
external line-to-ground faults on the 
coupling phase. The equipment is built 
in units of a standardized width of 19 
inches, and a panel space height that is a 
multiple of l 3 / 4 inches. The following 
paragraphs give a general description of 
each of the various units which are used to 
make up a given assembly. 

Transmitter-Receiver Unit 

This standard equipment is designed 
for operation directly from either a 125- 
volt or 250-volt station storage battery, 
with a carrier frequency range of 50 to 150 
kilocycles. The transmitter employs five 
type-25jB6G tubes in a master-oscillator 
power-amplifier circuit. The receiver 
employs two tubes, one 2hA7G as a de¬ 
tector and audio tube, and one 25 B6G as 
a relay tube. 

An important feature of the receiver is 
the separation of the telephone function 
from the pilot relaying function. The 
incoming carrier signal is rectified by a 
diode unit in the 25A1G tube. The result¬ 
ing voltage is filtered slightly and fed to 
the grid of the relay tube. This circuit is 
designed to have a limiting characteristic 
so that the relay current is essentially 
constant for all signals within the working 
range of the receiver. Since changes in 
incoming signal voltage produce practi¬ 
cally no change in plate current, it is ob¬ 
vious that this tube cannot be used to 
obtain audio output from the receiver. 
For this reason the multisection type- 
25.4 7G tube is used since it contains an¬ 
other section which can be used as an 
audio amplifier. A portion of the a-c volt¬ 
age developed across the diode-rectifier 
load resistor is coupled to the input cir¬ 
cuit of this amplifier. This arrangement 
provides the desired characteristics for the 
relaying and the telephone function and 
permits obtaining sufficient audio output 
to operate the audio relay units used for 
the remote-tripping function. 
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Figure 2. Block diagram of 
carri r-current equipment 
showing arrangement for 
pilot relaying, s nding and 
receiving remote-tripping 
signal, and telephone 



Modulator Unit 

The modulator unit employs two type- 
2523 6G tubes in a push-pull amplifier cir¬ 
cuit, the output of which is applied to the 
screen grid circuits of the transmitter to 
modulate the carrier-current output. The 
3,000-cycle tripping signal from the os¬ 
cillator is fed directly into the modulator 
unit ahead of the speech input volume 
control in order to obtain independent 
control of both of these functions. A 
3,000-cycle filter is added to the micro¬ 
phone circuit to eliminate this frequency 
from the voice circuit. This filter has 
negligible effect upon the intelligibility of 
the voice signal since the bulk of the voice 
frequencies He below 2,000 cycles. 

Audio-Oscillator Unit 

The oscillator unit required for the re¬ 
mote tripping signal usually is adjusted to 
3,000 cycles. This adjustment is made by 
changing the capacitor combinations and 
moving the iron core in the inductance. 
The oscillator tube is a twin triode, one 
side of which is used for the oscillator, 
while the other side serves as a buffer 
amplifier to prevent changes in frequency 
due to changes in external loading. A 
filter is provided on the power supply to 
eliminate the possibility of any ripple on 
the station battery voltage supply from 
being amplified and fed into the modulator 
unit. The oscillator is normally in a 
stand-by condition and is started by com¬ 
pleting the cathode circuit to the negative 
power supply. The output voltage of the 
oscillator is adjustable to control the de¬ 
gree of modulation applied to the carrier 
wave. 

Filter Unit 

The filter unit is designed to work with 
the audio-oscillator unit, and contains two 
tuned circuits which are adjustable over 
the same range as the oscillator unit. 
Each tuned circuit is connected across the 
input circuit of a relay tube which is nor¬ 


mally biased so that no current flows; 
that is, the control grid is maintained at a 
voltage which is more negative than that 
required to cut off the plate current. 
When an incoming signal of the proper 
frequency is received, the circuit tuned to 
this frequency offers a high impedance to 
that frequency and permits a voltage to 
appear on the control grid circuit of the 
associated relay tube. This voltage is 
alternating, of course, and on the positive 
swings the control grid voltage is made 
positive thus causing plate current to flow 
in the relay circuit. 

Sockets are provided on the filter unit 
for mounting two relays. In this case, the 
relay associated with the 3,000-cycle tone 
is located on the switchboard while the re¬ 
lay for other tone is mounted on this unit. 

Relay Unit and Accessories 

The adjustable time delay on the trip¬ 
ping relay is obtained by means of a small 
auxiliary relay with a copper slug on the 
coil, and the time is adjustable by varying 
the air gap and spring tension. This relay 
is picked up normally, and the time is 
obtained on the drop-out. The coil of this 
time-delay relay is energized from the 
station battery, through normally closed 
contacts on the audio receiver relay which 
is mounted in the same enclosing case. 
Wlien an audio signal is received to pro¬ 
duce tripping, the audio receiver relay 
picks up, thus interrupting the coil circuit 
of the time-delay drop-out relay, and at 
the same time it closes one set of contacts 
in the circuit to the typ z-TIEA hand-reset 
auxiliary relay. When the time-delay 
relay closes its contacts, it completes the 
circuit to the HEA and trips the circuit 
breaker. 

Every protective device requires provi¬ 
sion for test and maintenance, and this is 
provided for by a test switch, a milliam- 
meter to read the audio-receiver-relay cur¬ 
rent, and a signal lamp to show when a 
tripping signal is being received. The 
purpose of this signal lamp is to warn the 
operator that the EEA relay should not 
be reset since the tripping signal is still 
on the line. 

Some Details of Operation 

Whenever two or more services are 
placed on any transmission medium, it be- 
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comes necessary to consider the possibility 
of interference between these services. 
The addition of telephony on a pilot- 
relaying channel is a good example where 
it is a simple matter to give preference to 
the more important service. In this case, 
fault-detector relays at each end of the 
channel are arranged to take control away 
from the telephone function if necessary. 
The remote-tripping function presents a 
different problem, since in this case no 
indication of the fault exists at all ter¬ 
minals; in fact, that is the exact reason 
the transferred tripping must be done. 
Since normally only one carrier frequency 
is used for both transmission and recep¬ 
tion, the local receiver is desensitized by 
the strong signal produced by the local 
transmitter, and although it is possible to 
hear the incoming 3,000-cycle tone in the 
telephone receiver, it is of insufficient 
strength to operate the audio relay. Upon 
hearing this audio tone, it is a natural im¬ 
pulse for the operator to shut off his car¬ 
rier transmitter since he assumes that the 
remote station is calling him, which of 
course is correct. As soon as the local 
transmitter is stopped, the audio signal 
increases greatly in volume and trips the 
circuit breaker. This difficulty could be 
avoided by using two different frequencies 
for transmission and reception, but this 
would necessitate changes in the method 
of protection on lines having more than 
two terminals and introduces certain other 
undesirable complexities. 

There is no interference between the 
operation of the normal pilot relaying 
equipment and the remote-trip ping equip¬ 
ment, since a transformer fault of suffi¬ 
cient magnitude to cause the pilot relays 
to operate will not require the assistance 
of the remote-tripping equipment. 

Overmodulation of any carrier trans¬ 
mitter should be avoided since it produces 
harmonics in the audio as well as the radio 
frequency output. Accidental overmodu¬ 
lation of the transmitter at 1,500 cycles 
will produce some second hannonic out- 



Figure 3. Carrier-current pilot relaying equip¬ 
ment, with oscillator and filter unit for trans¬ 
former differential protection, in cabinet for 
outdoor mounting 

put of the receiver at 3,000 cycles which 
may be sufficient to operate the tripping 
relay. To eliminate this possibility, the 
second audio-filter unit is tuned to 1,500 
cycles and arranged to desensitize the 
3,000-cycle filter when a 1,500-cycle tone 
is received. With the input adjusted for 
normal speech, the 1,500 cycles present in 
the telephone feature is insufficient to 
operate the 1,500-cycle relay. 

Other Uses 

In cases where there are three terminals 
of carrier on a line section, each set being 
equipped with remote-trip transmitter 
and receiver equipment, it will be found 
very useful to use a 1,500-cycle tone for 
telephone calling by using a simple code 


for each station. By this method the 
alarm bell will not operate at the third 
station while the other two stations are 
using the phone. 

In cases where the remote circuit 
breaker is equipped with high-speed re¬ 
closing equipment, it is desirable that this 
feature should function only when the 
breaker trips for transmission-line faults. 
The relay connections should be arranged 
so that it is impossible for the automatic 
recloser to operate in any case where the 
circuit breaker is tripped by the trans¬ 
former differential relay. After the faulty 
transformer has been removed from the 
circuit, a 1,500-cycle tone may be used to 
release the lockout thus restoring the 
breaker to normal operation. 

Cases frequently occur where it is re¬ 
quired to control a single remote circuit 
breaker or disconnect switch at an un¬ 
attended substation. From the previous 
description it is evident that the remote- 
trip equipment can readily be adapted for 
this type of service, and by the addition of 
the proper auxiliaries an indication of the 
position of the remote device also can be 
•obtained. 

Installations 

New system interconnections, where the 
tie points are at different operating volt¬ 
ages, and new loads tapped on existing 
lines have resulted in a considerable 
number of installations of tliis type of 
equipment. These applications have in¬ 
cluded the following arrangements: 

A. Single circuit line with transformer at¬ 
one end. 

B. Double circuit line with transformers at: 
one end. 

C. Single circuit three-terminal line with 
transformer at one terminal. 

D. Single circuit three-terminal line with 
transformers at two terminals. 

E. Single circuit three-terminal line with 
transformers at all three terminals. 
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Critical-Material Conservation in 
Induction-Motor Manufacture 

HENRY M. HOBART 

FELLOW AIEE 


Present Importance of Avoiding 
Over-Motoring 

I N several articles which recently have 
appeared in the technical press, it 
has been indicated that, in the interests 
of the war effort, standards of reliability 
in service may have to be compromised. 
As an example, one author advocates that 
electric motors should, in some cases, be 
utilized with continuous loads 25 per cent 
greater than has been considered good 
practice heretofore, “particularly if the 
ambient temperature within which the 
motors are-expected to operate, is less 
than the recognized permissible maxi¬ 
mum of 104 degrees Fahrenheit.” That 
author adds the caution that this may 
not be practicable in all cases, since other 
factors than the continuous thermal rat¬ 
ing sometimes determine the motor size. 
Then he adds: “However, in most war 
plants, such cases are relatively few.” 

Proposed Plan 

In the present paper, careful considera¬ 
tion is given to the rating-up amounts 
which are desirable in the case of induction 
motors, in view of the acute urgency of 
conserving critical metals. The conserv¬ 
ing of copper is of chief importance, but by 
the plan here presented there is effected at 
the same time a great saving of other 
metals. The plan recommended in this 
paper does not involve any compromise 
in “standards of reliability in service.” 

Predominating Importance of 
Induction Motors 

Of all electric motors the induction 
motor is the one of which the greatest 
quantity is required by industry. If, 
for the total number of induction motors 
which will be manufactured in the year 
1943, the per-horsepower consumption 
of copper and other metals can be re- 
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duced by 25 per cent, as compared with 
heretofore practice, and by plans not 
involving delays for redesigning and re¬ 
tooling, thousands of tons of copper and 
other metals will be saved and can be 
made available for direct military pur¬ 
poses. It is the intent of this paper to 
describe means for effecting this large 
saving without the occasioning of any 
delay in the production program of the 
manufacturers of induction motors. 

The heretofore (and present) basis of 
rating of induction motors, so far as it 
relates to the limiting service tempera¬ 
tures, has been extremely conservative, 
as the result of a determination to ensure 

1. Large margins of safety. 

2. • High service dependability. 

3. Long life. 

Furthermore, the basis was adopted a 
good many years ago, when the custom¬ 
arily used insulating materials of 
reasonable cost and ready application 
were considered inadequately heat resist¬ 
ing to withstand higher temperatures for 
long service periods. In recent years, 
wide experience has been gained with 
various insulating materials which will 
endure subjection to much higher tem¬ 
peratures for long periods of service. 
While usually these materials are more 
expensive than the early thermally in¬ 
ferior materials, several amongst them 
are manufactured in sheets, tapes, and 
all other required forms, so that they may 
be substituted without any redesigning of 
the motors, dimensional or otherwise. 
This substitution is an important feature 
of the conservation project described in 
the present paper. 

Under the comfortable conditions of 
peacetime, no appreciable headway was 
made with rating-up proposals, notwith¬ 
standing the known availability of these 
better insulating materials. Now it is 
apparent that the conservation of copper 
and other metals is of such vital import¬ 
ance that all will co-operate eagerly in 
seeking for sound plans for the accomplish¬ 
ment. It is important to make the change¬ 
over with a minimum of delay. Any 
dimensional changes in the design and in 
the manufacturing specifications inevit¬ 
ably would interrupt smooth and rapid 


large-scale production and would be ac¬ 
companied by disastrous delays. 

Reduction of the Per-Horsepower 
Weight Achieved by Rating Up 

Consequently it appears desirable that 
the dimensions of the present low-tem¬ 
perature—but nevertheless highly de¬ 
veloped and excellent—designs shall be 
retained and that the reduction of the 
per-horsepower weight shall be effected 
by rating up the motors at present being 
manufactured. The only change in their 
construction will be the substitution of 
the high heat-resisting insulation but of 
precisely the same dimensions as the 
insulation heretofore used. 

33 Per Cent Increased Rating 

This plan will permit of increasing the 
rated output by 33 per cent, and reducing 
by 25 per cent the per-horsepower 
weight of copper and other metals re¬ 
quired in the construction. 

Precedents for Employing Higher 
Service Temperatures 

Railway motors, totally enclosed mo¬ 
tors, and the insulation of the rotors of 
turbogenerators long since have been 
standardized on the basis of much higher 
permissible service temperatures than 
those allowed for general-purpose induc¬ 
tion motors. Contrary to predictions 
these three (and other) higher-tempera¬ 
ture products have experienced no undue 
life impairment, when suitable heat- 
resisting insulations have been skillfully 
employed. Similar success will attend 
the use now proposed of higher service 
temperatures for the induction motors. 

Present Severe Service Conditions 
Render High Stalling Loads 
Particularly Desirable 

Let us now consider how the case stands 
with respect to limitations to rating up, 
other than thermal limitations. Leaving 
the motor design just “as is” (that is, on 
the present low-temperature basis), most 
sizes, particularly those for low speeds, 
will not have an adequately conservative 
stalling-load margin by the time their 
33 per cent greater (new) rated .toads are 
reached. Unless we do something about 
it, the margin between the (new) rated 
load and the original stalling load often 
will be too small, particularly for the 
rough and severe conditions of present- 
day production. The motor will stall at a 
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lower load, the greater the drop in the 
supply-line voltage, and vice versa. It is 
important to realize that, with the high 
loading of power circuits now becoming 
usual, (and the necessarily associated 
great voltage drops) and with the intense 
incentive to accomplish tasks in the 
shortest possible time, there frequently 
will result the imposition upon the driving 
motors of much more severe voltage drops 
and momentary load peaks than are apt 
to be experienced in normal times. Evi¬ 
dently, while our rating-up plans will not 
encounter any difficulties as regards li¬ 
ability of the occurrence of breakdowns 
due to overheating, there is the need that 
there still shall be provided very liberal 
reserves of torque, over and above the 
torque corresponding to the increased 
rated load, so as to remove all likelihood 
of production interruptions from motor 
stalling. Such motor stalling would be 
more intolerable, in view of the emer¬ 
gency circumstances, than ever it could 
have been in peacetime. 

Inherent Relations Between 
Temperature Limits Imposed, 
Stalling-Load Requirements, 
Periodicity, and Rated Speed 

This matter of ensuring that the induc¬ 
tion motor should possess a momentary 
stalling load liberally in excess of the 
rated load (while sometimes, particularly 
in the case of low-speed motors, it caused 
the motor designer to depart from other¬ 
wise best proportions) did not constitute 
a major problem, so long as the limiting 
service temperatures were required to be 
very low. That condition tended strongly 
(in almost all sizes and types), to make the 
permissible sendee temperature the limit 
of rated output. But now, the boot is on 
the other leg. Going over to the endorse¬ 
ment of higher service-temperature limits 
for induction motors brings us right up 
face to face with the condition that the 
momentary stalling load henceforth usu¬ 
ally will constitute the actual limitation 
on the rated load for which a motor al¬ 
ways can be relied upon to be liberally 
adequate in sendee. Fortunately, it 
has become recognized as good practice to 
employ for induction motors the highest 
practicable speed. For a given periodic¬ 
ity, the inherent stalling load (broadly 
speaking) is greater, the greater the 
rated speed. Obviously, this paper is 
concerned chiefly with the conditions in 
60-cycle systems. For lower periodici¬ 
ties (such as 25 cycles), the provision of 
an adequately high stalling load rarely 
will impose a limit on the rating, except 
for extremely low-speed motors. 
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The stalling load can be increased by 
increasing the voltage at the motor’s ter¬ 
minals. But the supply-circuit voltages 
have become so thoroughly standardized, 
and the motor designs have been stand¬ 
ardized for so long a time for these par¬ 
ticular supply-circuit voltages that, in 
order to provide at the motor terminals a 
voltage higher than the standard supply- 
circuit voltage, it has been necessary (1) 
to use special step-down transformers 
with secondary voltages higher than 
standard, or else (2) to boost the second¬ 
ary voltage by interposing an induction 
regulator between the supply circuit and 
the terminals of the motor. But, while 
the higher terminal voltage will increase 
the motor’s stalling load, it will impair 
both the power factor and the efficiency 
at light loads, A long time ago, the pro¬ 
posal was made (and used, to a certain 
extent), to provide a low terminal voltage 
at light loads and gradually higher volt¬ 
ages with increasing load (so as to pro¬ 
vide the best characteristics at all loads) 
by equipping the transformer secondary 
with several taps and with means for 
transferring automatically the induction 
motor’s terminals from tap to tap as the 
load increases. Tap-changing-under-load 
transformers could, of course, be used, the 
change being effected by an automatic 
regulator responsive to load changes. 
Feeder regulators, or special or compli¬ 
cated transformers, however, would take 
the gilt off the gingerbread and leave us 
using as much (or even more) per-horse- 
power weight of copper and other metals 
(for induction motor plus regulator) as for 
the original low-temperature (and high- 
copper) motors with their high reserves 
of stalling torque. 

Desirability of Retaining (At Any 
Rate, for the Duration) The 
Present Excellent Designs of 
Induction Motors 

Actually, it is the volts per turn which 
we desire to increase, in order to increase 
the stalling torque. The simplest way 
to increase the volts per turn obviously is 
to decrease the number of turns and in¬ 
crease the magnetic flux. This, however, 
means new designs and the inevitable 
great delays for development and testing. 
{Even then there will be incurred a certain 
amount of impairment of the motor’s 
light-load characteristics.) Furthermore, 
after years of continual improvements ef¬ 
fected in the course of many redesignings, 
most induction-motor manufacturers (on 
the basis of the standardized low-tempera¬ 
ture limits) have arrived at lines of very 
well balanced designs in which the polar 


pitch, and the core length, and the volts 
per turn for each particular rated output 
and speed and voltage and periodicity 
are so nicely balanced as to provide about 
the best practicable combination of high 
power factor, efficiency, starting torque, 
and reasonably low starting current. 

Clearly, it is of prime importance to 
salvage these many fine designs (at any 
rate, for the duration) and thus also have 
the great advantage of eliminating the 
enormous and time-consuming task of 
developing new lines of induction motors 
to fit the higher permissible service tem¬ 
peratures and decrease the per-horse- 
power weight of copper and other metals. 
That is not a task which possibly could 
be accomplished in a few weeks (or even 
in less than a good many months), and 
also it would be likely to require con¬ 
siderable retooling. For each of the usual 
horsepower sizes there are required de¬ 
signs for various voltages and speeds and 
degrees of enclosure and other subclassi¬ 
fications. A fresh start would require, in 
this case, the laborious and time-consum¬ 
ing development and testing of many 
dozens of new designs of induction motors. 

Thus it appears that an effective plan, 
not involving any delays, for reducing the 
per-horsepower weight of copper and 
other metals required in induction-motor 
manufacture is to continue building the 
present induction motors without any 
changes except that which has been indi¬ 
cated, namely, the use of the better in¬ 
sulations with high heat-resisting prop¬ 
erties. The plan requires the provision 
of some external means, or some externally 
located material, for increasing consider¬ 
ably the stalling torque so that it shall 
be liberally adequate for the conditions of 
the increased rating, and for the more in¬ 
tense and strenuous conditions of service 
consequent upon the war effort. Espe- 
cially in war plants the certainty of free¬ 
dom from even the slightest service inter¬ 
ruptions is of vital importance. Already 
it has been explained that, for this re¬ 
quirement of increased stalling torque, it 
will be necessary to provide some means 
whereby any instantaneous or sustained 
overloads shall be accompanied by an 
adequate increase in the volts per turn. 
Furthermore, it will be desirable that 
the means employed shall embody fea¬ 
tures contributing toward improving the 
motor’s light-load characterisics by de¬ 
creasing the volts per turn at light loads. 

Use of a Hookup With Series and 
Shunt Capacitors 

As an effective means for providing 
that the volts per turn shall automatically 
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increase with increasing load, there may¬ 
be employed a plan which was conceived 
21 years ago. At that time, there was 
no urgent need for providing induction 
motors with this feature of variable 
volts per turn. Also in other respects, the 
proposal was regarded as premature. 
But the present greatly changed condi¬ 
tions indicate the method to be par¬ 
ticularly timely and appropriate. The 
following is a description of it. 

Description 

Three series capacitors are interposed 
between the three-phase supply circuit 
and the three terminals of the windings 
of the induction motor. In addition, 
there are provided across the motor ter¬ 
minals three shunt capacitors. Either 
the series capacitors are designed for a 
current equal to the current in the motor’s 
windings or they may be located in the 
secondaries of three small transformers 
whose primaries are interposed in series 
with the three motor terminals. 

The shunt capacitors are proportioned 
for a current equal to the lagging com¬ 
ponent of the motor current at its rated 
load (that is, they are proportioned for 
complete compensation for unity power 
factor at rated load). Consequently the 
power factor is leading for all loads from 
no-load up to the rated load. (So far as 
concerns the employment of shunt capaci¬ 
tors with induction motors, this already 
is widely practiced, and it so improves the 
economics of the supply system as usu¬ 
ally to amply justify the outlay for the 
required shunt capacitors.) 

The Purpose of the Series 
Capacitors 

For the purposes of the project de¬ 
scribed in this paper, the series capacitors 
are so proportioned as to decrease and in¬ 
crease the motor’s terminal voltage by 
desired amounts below and above the 
constant voltage of the supply circuit. 
For loads less than some selected value 
(rated load, in the case being considered), 
the lagging current into the motor is 
■ overcompensated by the leading current 
in the shunt capacitors. The resultant 
current from the supply circuit, being a 
leading current, causes the motor’s ter¬ 
minal voltage to be less than the supply 
circuit’s voltage, because of the voltage 
drop which is occasioned in a capacitor 
when a leading current flows through it. 
From rated load upward, the opposite 
result is obtained, and the motor’s ter¬ 
minal voltage increases as the load in¬ 
creases, because the current through the 
series capacitors is lagging. 


Illustrative Example 

As an example, let there be considered 
the case of a three-phase 60-cycle 4-pole 
480-volt squirrel-cage general-purpose in¬ 
duction motor, which, for the heretofore 
usual low-temperature practice, is rated 
at 75 horsepower. At its rated voltage 
of 480 volts, such a motor will carry 
double load (that is, 150 horsepower) 
without stalling. By providing this 75- 
horsepower motor with the capacitor 
hookup recommended in this paper, it 
may be rated up to 100 horsepower and 
will then, without stalling, carry momen¬ 
tary overloads up to 200 horsepower. 
Of the three series capacitors for this pur¬ 
pose, each will have such capacitance as to 
increase the motor’s terminal voltage 
from the supply circuit’s constant voltage 
of 480 volts up to 555 volts when the load 
has increased from rated load of 100 
horsepower, up to twice the rated load 
namely, 200 horsepower. Conversely, 
these series capacitors serve to decrease 
the motor’s terminal voltage down to 
values below 480 volts, to an extent de¬ 
pendent upon the amount by which the 
load decreases below the rated load. 

Aggregate Improvements Thus 
Provided 

This decrease of the voltage at low 
loads and its increase at high loads also 
serve to increase the low-load and high- 
load efficiencies above the values which 
can be realized with constant voltage 
maintained at the motor terminals for 
all loads. Not only are the improvements 
resulting from these various effects, ac¬ 
companied by increased power factor and 
efficiency at all loads, but also they endow 
the (motor plus capacitors) combination 
with a leading characteristic for all loads 
up to the rated load, and they afford a 
means for increasing the stalling load 
above that attainable in a constant- 
voltage design and consequently also a 
means for increasing the rated output. 
Finally, there is thereby effected an im¬ 
portant decrease in the per-horsepower 
weight of critical material required in the 
motor’s construction. 

Rating of Required Capacitors 

It has been stated already that the pro¬ 
vision of shunt capacitors for obtaining 
power-factor improvement long since has 
been admitted quite generally to justify 
their cost. The economies resulting there - 
from extend throughout the entire sys¬ 
tem over which the induction motors are 
supplied and relate both to reduced capi¬ 


tal outlays and reduced losses in all the 
material interposed between the source 
and the induction motors supplied there¬ 
through. The further-mentioned advan¬ 
tages of greater motor efficiency at all 
loads, increased rated output, and de¬ 
creased per-horsepower weight of critical 
metals undoubtedly will be agreed to 
justify the outlay for the series capacitor^. 
In the cited example of a 100-horsepower 
motor with a stalling load of not less than 
200 horsepower, the required amount of 
series capacitance comes to 30 kva, pro¬ 
vided in three 10-kva capacitors inter¬ 
posed betweeeu the supply-circuit ter¬ 
minals and the motor terminals. These 
series capacitors boost the system voltage 
from 480 volts at a load of 100 horse¬ 
power, up to 555 volts at a load of 200 
horsepower, the currents per phase for 
these two loads being respectively 100 
amperes and 220 amperes. 

Series-Capacitor Compounding 

Transformer 

When, in the interests of decreasing the 
losses in the distribution circuit, load- 
center location close to the induction 
motor is provided for the step-down 
transformer (or group of transformers), 
it will be practicable, often, to decrease 
the outlay for the series capacitors by 
locating them in the high-voltage side of 
the step-down transformers. Thus, for 
the example chosen (a 480-volt induction 
motor), and a primary voltage of 4,800 
volts, the voltage stress across each series 
capacitor would then be much more favor¬ 
able for the design of the series capacitors 
with respect to decreasing their cost. 
This plan amounts to providing com¬ 
pounding transformers. For the particu¬ 
lar case of the illustrative example, the 
secondary voltage of the (nominally) 480- 
volt transformer would increase with the 
load from a value of, say, 415 volts at no 
load of the induction motor up to 555 
volts just below the occurrence of the 
motor’s stalling load. 

Development of Power Capacitors 

In the period from 1919 to 1922, when 
this project and other capacitor 

power projects were proposed (although 
shunt capacitors already were sufficiently 
common in power applications to be 
quite familiar to power engineers), the 
idea of a series use of capacitors with 
power apparatus was considered by many 
power engineers to be of questionable 
soundness and in need of demonstration. 
Another objection was that power-capaci¬ 
tor manufacture was then only in its 
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early beginnings. Paper of the desired 
quality and with the necessary freedom 
from objectionable constituents remained 
to be developed. The paper needed to be 
of extreme thinness so that weaknesses at 
various places in its extent could be aver¬ 
aged out by the super position of several 
paper layers between adjacent conducting 
foils. Processes of evacuation and im¬ 
pregnation still left much to be desired. 
The demand for capacitors for power 
applications was out of all proportion too 
small to enable the cost to be satisfactorily 
decreased by large-scale mass production. 
Furthermore, those were days of extrava¬ 
gance and waste. The conditions were 
the reverse of propitious for attracting 
interest to a proposal which was regarded 
as both premature and unimportant. 
That, admittedly, then was the case with 
this proposition. 

In 1924, however, presumably out of a 
spirit of amiable tolerance toward per¬ 
sistent and reprehensible importunacy, 
the scheme was made the subject of a 
patent application, and patent 1,595,937 
of 1926 finally emerged. It is probable 
that the method never has been employed 
in service. The present emergency cir¬ 
cumstances and the timely advantages 
which the project provides would seem to 
be providentially opportune. 

Summary 

There follows a list of some of the at¬ 
tendant circumstances and of the advan¬ 
tages which may be gained by the use of 
the project: 

1. Thoroughly reliable power capacitors 
now are manufactured in great quantities by 
many firms, 

2. Cost is much lower than in 1922. 

3. By simple constructions embodying the 
external-pressure principles by means of 
which Hochstadter has demonstrated that 
the service insulation strength of under¬ 
ground high-voltage cables can be doubled 
for a given insulation thickness, the per-kva 
cost of power capacitors readily may be 
decreased much further. 
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4. By the use of power capacitors as a 
simple adjunct the power factor and effi¬ 
ciency of an induction motor may be con¬ 
siderably improved for all loads, light and 
heavy, and the stalling load may be much 
increased. Throughout a considerable range 
of load, system economies associated with a 
leading current will be obtained. 

5. Higher-temperature service operation 
now is recommended, and the rating of the 
present highly-developed, low-temperature, 
induction motors may be increased by 33 
per cent, without requiring any delays, 
since no re-designing is involved. There is 
required merely the substitution of the 
high heat-resisting insulation now available. 

6. The project will permit of the conserva¬ 
tion of considerable quantities of critical 
materials as the result of decreasing by 25 
per cent, the per-horsepower weight of the 
motors. 

The recommendations made in this 
paper (and the, means proposed) for in¬ 
creasing by 33 per cent the present serv¬ 
ice rating of general-purpose induction 
motors is more conservative than many 
will realize. It is anticipated that, when 
the electrical industry has acquired more 
confidence in the adequacy of the avail¬ 
able better insulations (as regards with¬ 
standing heat deterioration), practice will 
advance to the extent of permitting even 
higher service temperatures and securing 
further reductions in the per-horsepower 
weights of copper and other metals which 
it is of such critical importance to con¬ 
serve. But rather than jeopardize the 
acceptance of his recommendations, the 
author has refrained from advocating 
still greater amounts of service-rating 
increase. 

WPB L-221 

In a note on page 81 of the February 
1943 issue of Electrical Engineering, 
the War Production Board’s general 
conservation order L-221 is stated to con¬ 
tain a provision whereby the horsepower 
of a new electric motor shall not exceed 
the requirements of the specific job for 
which the motor is purchased. Compli¬ 
ance with this and other conservation pro¬ 
visions contained in the order (so far as it 


relates to general-purpose motors) aie 
expected to conserve annually about 6,000 
metric tons of copper and 55,000 metric 
tons of carbon steel. In the present paper 
attention has been confined to the spe¬ 
cific case of general-purpose induction 
motors, and means particularly appli¬ 
cable thereto are recommended for effect¬ 
ing savings of amounts of critical ma¬ 
terials which should exceed the amounts 
envisaged in WPB L-221. These rec¬ 
ommended means also will improve the 
operating conditions as respects efficien¬ 
cies, power factors, stalling loads, and 
reduced rate of life impairment. 

Ambient Conditioning 

In conclusion, attention well may be 
called to the present advanced state of 
development of systems for the condition¬ 
ing of factory and workshop premises. 
While consideration for the health and 
efficiency of the personnel quite rightly 
is the main objective, it is not out of 
place to consider also the extent to which 
the rate of life impairment of the motors 
may be decreased by decreasing the am¬ 
bient temperature in the midst of which 
the motors’ existences are spent. The 68 
degrees Fahrenheit which is beneficial for 
the personnel should be capable of being 
closely approached, even in the immedi¬ 
ate surroundings of the motors, rather 
than any approach to the temperature of 
104 degrees Fahrenheit now assumed in 
the rating regulations as being a tempera¬ 
ture of likely occasional occurrence. It 
will, of course, be necessary to take into 
account the fact of the relatively great 
amounts of heat being developed in the 
motors as a consequence of their losses. 
But by simple applications of funda¬ 
mental principles of local air circulation, 
accentuated when desirable by surface 
vaporization methods of heat transfer, 
the desired 68 degrees Fahrenheit tem¬ 
perature should be capable of close ap¬ 
proach at all seasons and localities and 
even at distances of relatively few inches 
from the external surfaces of the motors. 
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A New High-Speed Balanced-Current 

Relay 


V. N. STEWART 

ASSOCIATE AIEE 


N EED for a high-speed, balanced-relay 
current which will not function when 
the first half-cycle current is deficient 
in one of the two parallel circuits being 
protected, has been shown by the recent 
paper “The Effect of Current-Trans¬ 
former Residual Magnetism on Balanced 
Current or Differential Relays.” 1 This 
is the result of high residual magnetism 
of the current transformer caused prin¬ 
cipally by the d-c component of an offset 
wave on previous short circuits. 

A high-speed, induction-cylinder-type 
relay has been developed in which the 
operating-coil circuit has an inherent de¬ 
lay of approximately one cycle, due to the 
time constant of a resonant circuit. The 
restraining torque of the relay is effec¬ 
tive in a small fraction of a cycle and is 
obtained by using a flux-shifting copper 
tube acting as a lag ring or short-circuited 
secondary. 

Application 

Several AIEE papers 2 * 3 ' 4 have pre¬ 
sented the development and application 
of high-speed relays in which the speed of 
operation was recognized as an essential 
characteristic in obtaining greater system 
transient stability. Since the standard 
time for circuit-breaker operation was 
reduced to eight cycles or less, this 
meant that relay operating times of ap¬ 
proximately one or two cycles were neces¬ 
sary to realize the full benefit of this cir¬ 
cuit-breaker operation. In designing a 
new relay, one must recognize the in¬ 
creasing demand for high speed, but its 
attainment must not be accompanied by 
sacrifice of either selectivity or reliability. 

The balanced-current relay is most 
generally used to provide protection 
against current unbalance at the source 
end of parallel untapped transmission 
lines, where the unbalancing is occa¬ 
sioned by phase-to-phase or ground faults 
in either line. It may also be used for a 
similar protection at the receiving end of 

Paper 43-117, recommended by the AIEE com¬ 
mittee on protective devices for presentation at the 
AIEE national technical meeting, Cleveland, Ohio, 
June 21-25, 1943. Manuscript submitted April 
29, 1943; made available for printing May 18, 1943. 

V. N. Stewart is in the relay engineering depart¬ 
ment, General Electric Company, Philadelphia, Pa. 


parallel lines provided there is an addi¬ 
tional source of power supply (other tie 
lines, generators, or synchronous appara¬ 
tus) at the receiving end which will in¬ 
crease the fault current in the defective 
line at least 10 to 25 per cent. The sche¬ 
matic one-line diagram, Figure 1, illus¬ 
trates this application and emphasizes 
its limitation for the load end protec¬ 
tion where the currents in breakers A and 
B would be equal. 


GENERATOR 



Figure 1. Schematic one-line diagram illus¬ 
trating balanced-current protection of parallel 
lines 


Operating requirements for the new 
relay cannot be reduced from that fol¬ 
lowed on existing high-speed, balanced- 
current relays. This means that satisfac¬ 
tory protection for simultaneous faults 
on the parallel lines, protection on single- 
line operation, high-speed auxiliary 
switches or interlocking relays, operation 
with bus tie breaker, proper functioning 
during magnetizing inrush, and current- 
transformer characteristics are items for 
consideration. Besides these factors 
tending toward faulty operation, if im¬ 
properly handled, there have been re¬ 
corded occasional false trippings which, 
until recently, were without satisfactory 
explanation. 1,5 Now, since it has been 
shown that residual magnetism in the 
current transformer may result in false 
operations with existing high-speed re¬ 
lays,* a relay has been designed to func¬ 


tion correctly although this undesirable, 
yet unavoidable, current- transformer 
characteristic exists. 

Description and Operation of Relay 

The relay unit with eight-pole, induc¬ 
tion-cylinder construction previously pre¬ 
sented before the Institute 6 is inherently 
a high-speed device and readily lends 
itself to balanced-current operation. 
The available poles permit both the 
operating and restraining functions to be 
accomplished in a single unit. The 
single relay unit protects only one phase 
of one line and the relaying of both lines 
is accomplished with a two-element relay 
shown in Figure 2. For complete bal¬ 
anced- current protection at the generat¬ 
ing end of two parallel lines, three relays 
are sufficient; two for phase-to-phase 
faults and one for ground faults. 

Six of the available eight poles are 
used, and their location is shown in Fig¬ 
ure 3. The left three coils, denoted by 
A and B, are the operating coils while the 
right three coils, C and D, provide the 
restraining torque. These torque-pro¬ 
ducing elements exert their force on a 
common rotor in opposition to one an¬ 
other to give a balance. The production 
of this torque is like that of a wattmetric 



Figure 2. Single-phase high-speed balanced- 
current relay 
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Figure 3. Coil locations in a single element of 
the balanced-current relay 


element, and in the case of Figure 3 , the 
coils B and D produce rotor currents 
which react with the flux of their adjacent 
coils. The torque magnitude is a func¬ 
tion of the product of the flux and the 
sine of the angle between them. From 
this relation and the connections of Fig¬ 
ure 1 it is obvious that some means must 
be provided to obtain a phase displace¬ 
ment between the pole flux for both the 
operating and restraining circuits. - 

For the restraining circuit a flux-shift¬ 
ing copper tube is employed. This 
method is similar to one used in current- 
polarized directional units of the induc¬ 
tion-cylinder construction. The vector 
diagram. Figure 44, gives an approxi¬ 
mate time-phase relation for the restraint 
circuit showing the flux shift in the 
comer poles (C of Figure 3 ). 

For the operating function, the neces¬ 
sary flux shift is obtained by means of a 
floating circuit. The purpose of this 
flux-shifting method is to permit the use 
of a tuned circuit in which the delayed 
current build-up retards the action and 
the operating torque. As can be observed 
from Figure 6 , the impetus imparted to 
the relay by the difference current occurs 
during part of the first cycle depending 
on the nature of the fault, and the delay 
required does not detract from the high 
speed (Figure 8 ) of the relay. 

The floating circuit is composed of a 
many-tum coil to replace the copper tube 
and tuned with a capacitor mounted in¬ 
side the relay case. The circuit constants 
can be modified with the use of a reactor, 
resistor, or both, as shown in Figure 5 , 
to control the magnitude and time. For 



Figure 4. Vector diagrams showing flux rela¬ 
tions 

(а) . Restraining circuit with copper tube 

(б) . The operation circuic with the floating 

circuit 

Subscript f denotes floating circuit (secondary) 


this condition, Steinmetz 7 has shown that 
the current in a series a-c circuit where 
R 2 < 4 L/ C is equal to 
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Figure 5. Diagram showing two forms of 
floating circuits 


This equation consists of three parts: 

1. The permanent term which is re¬ 
maining after the transient is completed. 

2. The transient term which is dependent 
on the circuit constant. 

3. The third term depending on the initial 
electrical conditions. This last term dis¬ 
appears if the circuit is dead at the start. 

A vector analysis (Figure 45) for the 
floating circuit represents the flux rela¬ 
tion during the steady-state operation. 
The angle a represents the phase dis¬ 
placement between the flux in coils C 
and D , and the torque is a function of the 
sine of this angle. 

The oscillogram (Figure 6 A) shows the 
current build-up in this circuit, and the 
magnitude for the first half cycle is only a 
fraction of its maximum steady-state 
condition. This leaves the operating 
circuit deficient in torque whereas the 
restraint build-up is immediate and has a 
restraining bias even though its current 
supply from the current transformer is 
affected by the residual magnetism. 


Relay Characteristics 

In reference to Figure 1 it will be noted 
that the operating coil of each unit is 
connected in series with the restraining 
coil of the other unit. Therefore, the 
fault current of one line which operates 
one of the units increases the restraint in 
the other, thus providing a selective 
operation. Figure 7 gives typical operat¬ 
ing characteristics for both ground and 
phase relays with a 125 per cent slope. 
This slope has been used in the applica¬ 
tion of balanced-current relays to assure 
sufficient margin for the inequalities of 
current-transformer characteristics, line 
characteristics, and other factors af- 



Figure 6. Oscillo¬ 
grams showing oper¬ 
ation of relay during 
difference currents 
caused by residual 
magnetism. Two 
fault conditions are 
represented 

04). With an offset 
wave 

(5). Symmetrical cur¬ 
rent wave 
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Figure 7. Operating characteristic of phase 
and ground balanced-current relays 

feeting the current balance. When these 
items are corrected or compensated, it 
should be satisfactory to use a relay 
functioning with a slope of 110 per cent. 

The high-speed time characteristic is 
indicated in Figure 8 for this relay. 

Tests 

The testing program was composed of 
two parts: 

1. A relay having all the characteristics 
presented in the forepart of this paper had 
to be developed and tested. 

2. This same relay had to be subjected to 
operating conditions which equaled those 
found in the field. This part was conducted 
as a continuation of the work already cov¬ 
ered on the current transformers and pre¬ 
sented before the Institute. 1 

Typical oscillograms were taken using 
the test circuit of Figure 9, and these are 
reproduced in Figure 6 to show the in¬ 
stantaneous relation between the circuit 
characteristics as they affect the relay. 
The traces indicate current-transformer 
primary and secondary currents, the 



OPERATING CURRENT- MULTIPLE S OF PICK-UP 

Figure 8. Operating time of high-speed 
balanced-current relay at zero, 5 and 20 


amperes restraint 


difference (or error) current, the operat¬ 
ing-circuit build-up, the relay contacts, 
and the timing wave. With a 1/1 ratio 
current-transformer tests were made with 
the primary and secondary windings each 
connected in series with an oscillograph 
shunt and vibrator. Then the difference 
between the drop in the two shunts gives 
an instantaneous value which is a func¬ 
tion of the difference current, and it is 
recorded by a third vibrator. Likewise, 
the instantaneous current magnitude 
of the floating circuit was recorded with 
the use of another oscillograph shunt and 
vibrator by a means which minimized 
its effect on the circuit’s transient char¬ 
acteristic. 

Conclusions 

A balanced-current relay has been de¬ 
scribed which gives fast, sensitive pro¬ 
tection comparable to that previously 
available yet faultless in operation when 
energized from current transformers pre¬ 
viously saturated and containing residual 
magnetism. This has been accomplished 
at the expense of a slight delay of approxi¬ 
mately one cycle which is easily toler¬ 
ated. This has resulted from the applica- 



Figure 9. Test circuit used for checking relay 
operation and for oscillographic measurement 
of difference current 

A —Ammeter 
C—Synchronous switch 
CT —Current transformer (ratio one to one) 
la —Relay operating coil 
l R —Relay restraint coil 
R —Reactor or load box 
S D —Oscillograph element to record differ¬ 
ence current 

S P and S D —Shunts with oscillograph ele¬ 
ments; primary and secondary currents re¬ 
spectively 


tion of the floating-circuit build-up to 
override the error current of the first 
cycle. Also, it can be expected that 
this feature will be useful in the design 
of other high-speed relays. 
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I N the history of the operation of arc 
furnaces for melting steel there have 
been occasional evidences of overvoltage 
transients. These evidences have been 
chiefly electrical breakdown of equipment 
associated with arc furnaces which were 
not attributable to causes other than ab¬ 
normally high voltage. In the last three 
years with the increased number of arc- 
furnace installations and the increased 
seriousness of interruptions to produc¬ 
tion, a considerable amount of attention 
has been focused on this problem. This 
paper presents the results of voltage surge 
measurements made on two furnace instal¬ 
lations in an attempt to accumulate ac¬ 
curate data as to the magnitude of such 
overvoltages and the factors which in¬ 
fluence them. Before entering into a dis¬ 
cussion of voltage surges, however, it 
seems advisable to review the component 
electrical parts of an arc-furnace circuit 
and the procedure followed in its opera¬ 
tion. 

Furnace Circuits and Their 
Operation 

Figure la is a simplified diagram show¬ 
ing the parts of a typical arc-furnace cir¬ 
cuit, and Figure 16 is the corresponding 
schematic single-line diagram. In all but 
very large installations the separate reac¬ 
tor R is necessary because the inherent 
reactance of the circuit is not sufficient to 
produce over-all circuit stability so that 
an arc can be maintained. The vertical 
positions of the carbon electrodes in the 
furnace are individually and automatically 
controlled so as to maintain as nearly as 
possible constant current in each elec¬ 
trode. This regulating means is not shown 
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in Figure 1. However, as will be apparent 
later, the characteristics of such control 
may have an important bearing upon 
voltage surges caused by instability of 
the arc, particularly during the melt-down 
period when the arc is most unstable. A 
companion paper 1 describes a new elec¬ 
trode control which it is believed has the 
advantage of increasing the stability of 
the arc. 

After the furnace has been charged 
usually with steel scrap, the operator 
closes the circuit breaker which energizes 
the furnace transformer. The carbon 
electrodes are still clear of the charge, and 
therefore there is no load on the trans¬ 
former. The operator now lowers the 
electrodes until they come in contact with 
the charge and an arc is initiated. The 
automatic control then takes over and 
attempts to regulate the electrodes so as 
to maintain constant current. However, 
in the initial part of the heat, before a con¬ 
siderable portion of the charge has been 
melted, it is not possible to maintain con¬ 
stant current, and the load fluctuates 
quite wildly between short circuit when 
the electrodes are in contact with metal 
and virtual open circuit when the arc 
may be completely extinguished or at 
least reduced to a very low current. 

During this melt-down period the fur¬ 
nace transformer is operated in the upper 
range of the available secondary voltages 
with a correspondingly high value of re¬ 
actance if a separate tapped reactor is 
used. 

After the charge is completely or mostly 
melted, the operator changes taps on the 
transformer to obtain a lower secondary 
voltage and usually a lower reactance, so 
as to supply power to the furnace at a 
reduced rate. In doing this the operator 
must open the circuit breaker to de¬ 
energize the transformer. The melt is 
then continued for perhaps an hour to an 
hour and a half until such time as it be¬ 
comes advisable to further reduce the rate 
of power input to the furnace. At this 
time the operator again changes taps on 
the transformer to obtain a still lower 
secondary voltage, and usually all the 
reactance other than that inherent in the 
transformer is cut out. 

Each time that the operator changes 


taps on the transformer, it must be de¬ 
energized by opening the circuit breaker. 
In doing this there are two alternatives. 
The electrodes may be first raised so as to 
extinguish the arc before opening the 
breaker. In this case the breaker inter¬ 
rupts transformer magnetizing current 
only. As an alternative the breaker may 
be tripped without raising the electrodes 
so that it interrupts load current as 
well as magnetizing current. It has be¬ 
come fairly standard practice to follow 
the procedure of raising the electrodes 
before tripping the breaker, partly at 
least because it has been the concensus of 
opinion that this would result in less 
probability of high-voltage transients 
and also in reduced duty on the breaker. 

The length of time required to make a 
complete heat of steel varies considerably 
depending upon the size of the furnace 
and the kind of steel being made. How¬ 
ever, a typical figure may be taken as 
three hours. During this time according 
to the procedure outlined, the breaker 
will be closed and opened three times in 
order to start the heat and change taps. 
On the average there will be perhaps two 
or three additional switching operations 
for various reasons, such as slagging off, 
lengthening electrodes, and so forth. A 
total of six switch closings and six trip¬ 
pings per heat is perhaps a reasonable • 
figure. Many installations are at present 
operating 24 hours per day, and with an 
average length of heat of three hours, this 
would mean approximately 40 to 50 
switch operations per day. vSome instal- 



Figure 1. Typical arc-furnace circuit 

DS —Disconnect switch 
OCB —Oil circuit breaker 
FT- Furnace transformer with self-contained 
reactor 
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Figure 2, Furnace circuit at location A 

DS —Disconnect switch 
C—34.5-kv three-conductor type H under¬ 
ground cable 650 feet long 
OCB —Oil circuit breaker 
FT —Furnace transformer with self-contained 
reactor 

CD —Capacitance potential divider 
K —Klydonograph 

lations have as many as 100 switch opera¬ 
tions per day. 

Possible Causes of Voltage Surges 

Following the preceding discussion of 
furnace operation we may list the 
following possible causes of voltage tran¬ 
sients in arc-furnace circuits: 

(a) . Instability of the arc. 

( b ) . Raising or lowering the electrodes to 
interrupt or start the arc. 

(e). Switching. 

The role played by intermittent arcing 
in the production of high-voltage tran¬ 
sients on transmission systems is well 
known. It seems logical therefore to ex¬ 
pect that a similar phenomenon might be 
found in circuits in which the load itself 
is an arc. If this is true, voltage surges 
should be particularly noticeable during 
the melt-down period when the arc is most 
unstable. Furthermore, it is the authors’ 
opinion that the systems supplying most 
arc furnaces are so large that they offer 
very low impedance to surges originating 
on the low-voltage side of the transformer 
and therefore tend to suppress the trans¬ 
mission of such transients to the high- 
voltage side of the transformer. This 
being the case, voltage transients caused 
by arc instability should be observable, 
principally, on the secondary side of the 
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Figure 3. Circuit 
used for making tests 
at location B without 
potential trans¬ 
formers in the circuit. 
Secondary trans¬ 
former voltages re¬ 
corded by the mag¬ 
netic oscillograph 

DS —D isconnect 
switch 

OCB —Oil circuit 
breaker 

FT —Furnace trans¬ 
former with self- 
contained reactor 
CD —Capacitance 
potential divider 
K —Klydonograph 
MO —Magnetic os¬ 
cillograph 


transformer. At one of the two installa¬ 
tions tested, special steps which are de¬ 
scribed later were taken to detect the 
presence of overvoltages on the high- 
voltage side of the transformer during 
furnace operation, and it was found defi¬ 
nitely that no appreciable overvoltages 
occurred. On the other installation, no 
special steps were taken to detect surges 
on the high-voltage side during furnace 
operation, but an examination of 
Klydonograph film records of regular heats 
indicates, although not conclusively, that 
overvoltages were not obtained on the 
primary side except when switching oc¬ 
curred. No tests were made on the low- 
voltage side of the furnace transformer. 

Since it is common practice to raise the 
electrodes before tripping the breaker and 
to lower the electrodes after the breaker 
is closed, it is possible that the interrup¬ 
tion and initiation of the arc by this means 
might result in voltage surges. At one of 
the installations tested by a procedure 



described later, it was definitely deter¬ 
mined that overvoltages were not ob¬ 
tained on the high-voltage side of the 
transformer when the electrodes were 
raised or lowered to terminate or strike 
the arc in the furnace. This test was not 
made at the other installation. 

It is well known that the operation of 
switches in electrical circuits may cause 
voltage surges and that the magnitude of 
these surges depends upon the character¬ 
istics of the circuit and of the switch. 
Furnace circuits are not essentially dif¬ 
ferent from other power circuits, except 
for the fact that the load lias the peculiar 
characteristics of an arc. It might be 
expected, therefore, if there is any dif¬ 
ference between the character of switching 
surges obtained on furnace circuits from 
those obtained on other power circuits 
that it would be observed when switching 
under load. It is advisable, therefore, to 
consider separately the conditions which 
exist when switching under load and when 
switching no-load, and also when closing 
and opening the circuit. 

Although closing the circuit breaker 
under load is probably not practical for 


Table I. Comparison of Two Installations Tested 


Location A 


Location B 


Primary voltage.34.5 kv...24 kilovolts 

Frequency.60 cycles.60 cycles 

Transformer (secondary delta connected).3,000 kva, 3 phase.3,000 kva, 3 phase 

Delta to wye primary switch.Internal.Internal 

Secondary voltage range with 

Primary winding in delta.220-140 volts...235—160 volts 

Primary winding in wye...127—81 volts.136—93 volts 

Reactor.Internal, 21 per cent.Internal, 20 per cent 


Oil-circuit-breaker current rating.600 amperes.600 amperes 

Oil-circuit- breaker interrupting rating.500,000 kva.500,000 kva 

Oil-circuit-breaker insulation.46 kv.34.5 kv 

System grounding...Petersen coil—26 miles away.. . .Solid—4 miles away 

Miles of connected high-voltage line.350.4 

Underground cable.650 feet, type II, 3C, 34.5 kv,, . .None 

Lightning arresters...Oxide film.Porous block—25 kv 

Distance from lightning arrester to furnace.... 700 feet (source side of cable).... 50 feet (end of line) 

Instruments used in tests.Klydonograph.Klydonograph 

Cathode-ray oscillograph 
Magnetic oscillograph 


Circuit diagram showing instruments.Figure 2.Figures 3 and 4 

Secondary grounding. .•.Lamps.Lamps 


August 1943, Volume 62 


Hodtum , Rice — Arc-Furnace Circuits 


Transactions 557 







































standard operating procedure, a few tests 
were made as a matter of interest and are 
reported under “Test Results. ’ ’ As might 
be expected, no overvoltages resulted at 
the transformer high-voltage terminals 
although current inrushes were obtained. 


No-Load Versus Load Tripping 

There has been much discussion with 
reference to the relative merits of switch¬ 
ing out under load or with load on the 
transformer. In other words, should the 
operator raise the electrodes to extinguish 
the arc before he trips out the breaker, or 
should he not? It has been pointed out 
by some that breaking transformer mag¬ 
netizing current may cause a voltage 
surge because of the inductive kick pro¬ 
duced by the sudden collapse of the stored 
magnetic field in the transformer core. 
However, it must be remembered that the 
transformer core is a closed magnetic 
circuit and therefore will retain perma¬ 
nently a residual magnetization which is 
usually in the order of 60 per cent of the 
maximum induction. Furthermore, if the 
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Fisure 4. Circuit used in making tests at 
location B in which potential transformers were 
used. Primary transformer voltages recorded 
by the magnetic oscillograph 

DS —Disconnect switch 
OCB —Oil circuit breaker 
FI—Furnace transformer with self-contained 
reactor 

CD Capacitance potential divider 
K —Klydonograph 
MO Magnetic oscillograph 
CRO —Cathode-ray oscillograph 
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PERCENT OF SWITCH OPERATIONS CAUSING 
SURGES GREATER THAN ORDINATES 


Figure 5. Percentage distribution curves of 
Klydonograph surge records 

Curve A —Location A 

Curve B —Location B 

current is interrupted in the breaker at 
normal current zero, without appreciable 
distortion of the current wave, there will 
be no inductive kick at all because both 
flux and current will decrease along their 
normal paths to their steady-state value 
corresponding to current zero. In most 
modern breakers this is usually very close 
to what actually happens, because such 
breakers do not greatly tend to force cur¬ 
rent zero. Although breaking transformer 
exciting current can undoubtedly produce 
inductive kicks of two to three times 
normal (some of the film records obtained 
show such inductive kicks) it seems un¬ 
likely that overvoltages caused by break¬ 
ing magnetizing current should be a source 
of serious concern. 

Those who have advocated no-load 
tripping as preferable to tripping under 
load point out that interrupting load cur¬ 
rent may be dangerous because if the 
arcs in the circuit breaker and furnace are 


simultaneously extinguished at load-cur¬ 
rent zero, a large amount of stored energy 
may be trapped in the magnetic field of 
the transformer core. This is because the 
power factor of the load may be relatively 
high (85 or 90 per cent) while the power 
factor of the magnetizing current will be 
very low (in the order of 20 or 30 per 
cent). This means that both primary and 
secondary circuits may be opened when 
the flux in the core is near its maximum. 
The collapse of this flux would then tend 
to produce a very high inductive kick. 
However, it must be remembered that 
the arc gap in the furnace is relatively 
short and the space in the arc path is 
usually hot and retains its ionization for 
some length of time. The arc path may 
therefore offer a protective discharge 
path which will break down at a very low 
voltage. This is particularly true in the 
latter parts of the heat. During the 
melt-down period, however, when the arc 
is still comparatively long and when the 
arc space cools rapidly upon extinction of 
the arc, the trapping of magnetic flux in 
the core as has been described is believed 
to be a possible cause of overvoltages 
which may produce insulation failures. 
In considering this it should be remem¬ 
bered that the voltage required to break 
down the arc in the furnace will be multi¬ 
plied on the high-voltage side of the trans¬ 
former by the turn ratio. In the tests a 
number of surges of several times normal 
(up to approximately four times normal) 
were obtained because of tripping under 
load, chiefly in the early parts of heats. 
On the other hand, quite a few load trip¬ 
pings made after the charge was melted 
down produced no appreciable surges. 

Summing up, it is believed that tripping 


Tabic II. Summary of Test Results 


Location A 


Location B 


Approximate total number of switch operations 

(close or trip). 

Approximate total number of surges recorded on 

Klydonograph. 

Approximate number of heats recorded on 

Klydonograph. 

Total number of surges recorded on cathode-ray 

oscillograph. 

Total number of surges recorded on magnetic 
oscillograph... 

Maximum switching surge—times normal. 

Surges unidirectional or oscillatory. 

Polarity of Klydonograph surge figures. 

Surges on primary circuit caused by load. 

Surges caused by tripping or closing breaker. 

Surges caused by raising or lowering electrodes 
Effect on switching surges of 

Transformer tap position. 

Supply-system grounding. 

Underground cable ahead of breaker. 

Natural frequencies of switching transients 

No-load tripping. 

Load tripping. 

No-load closing. 

Load closing. 

Percentage distribution curve of switching surges. 


MOO.i,ooo 

650 . 200 


70 


50 


None 


110 


. . .None. 

...5.2 . 

...Unidirectional. 

...Positive and negative equal 

... No. 

. .. Closing chiefly . 

... No. 


. 150 

.3.8 

.Both 

.Mostly positive 
.Probably not 
. Both equally 
. No test 


.Not important.Not important 

.See Figure 6.No test 

.See Figure G .'.No cable 


No test.6,500 to 10,000 

No test.5,000 

No test.6,000 to 9,500 

■No test.6,200 

Figure 5.Figure 5 
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under load in the latter parts of the heat 
with a short hot arc may cause lower over¬ 
voltages than tripping at no-load, but 
tripping under load in the early parts of 
the heat before melting down is completed 
definitely should be avoided. 

Circuit Data 

Tests were made on two installations 
identified in this discussion as location A 
and location B . The pertinent informa¬ 
tion on the furnace circuits and the power 
systems supplying them is presented in 
tabular form in Table I. It will be noticed 
that the chief difference between location 
A and location B lies in the supply sys¬ 
tem. The furnace circuits including the 
transformers and circuit breakers are 
similar, except for the primary voltage 
rating. 

Important differences in the supply 
system are: 

1. The system at location • A is 34,500 
volts, while at location B it is 24,000 volts. 

2 . Location A has 350 miles of connected 
high-voltage line, while location B has only 
approximately four miles. The 350 miles of 
line supplying location A consist of a 
34.5-kv loop. A spur line four miles long 
supplies the furnace, and there is no other 
load on this line. The 24-kv line supplying 
location B originates at a step-down sub¬ 
station four miles away. There is one other 
furnace on this same line, approximately 50 
feet beyond the one tested, where the line 
terminates. 

3. The 34.5-kv loop supplying location A 
is normally grounded through a Petersen 
coil at only one point, about 26 miles from 
the furnace, while the line supplying loca¬ 
tion B is solidly grounded at a substation 
four miles away. 

4. Location A is served by a 650-foot 
length of three-conductor underground 
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PERCENT OF SWITCH OPERATIONS CAUSING 
SURGES GREATER THAN ORDINATES 


Figure 6. Comparison of Klydonograph tests 
at location A 


Curve A — Normal condition with system 
grounded through Petersen coil 
Curve B — System solidly grounded at three 
points 

Curve C—Underground cable on source side 
of circuit breaker replaced by overhead line 


Figure 7. Cathode- 
ray oscillogram of 
tripping circuit 
breaker under load 
—moving film 



Figure 8. Cathode- 
ray oscillogram of 
no-load tripping 
operation — moving 
film 



cable just ahead of the oil circuit breaker 
(see Figure 2), while there is no underground 
cable at all in the circuit at location B. 

5. The only surge protection on location A 
is a bank of obsolete oxide film arresters 
located on the source side of the under¬ 
ground cable, approximately 700 feet from 
the furnace, while location B is protected 
with modern lightning arresters at the end 
of the line, approximately 50 feet beyond 
the test location. 

At both installations the furnace shell, 
transformer tank, and electrode control 
have a common ground. 

Test Results 

The circuit used in making tests at 
location A is shown in Figure 2. The 
Klydonograph only was used on this 
installation. 

Some of the data obtained at location B 
were made with the Klydonograph and 
magnetic oscillograph only. The circuit 
is shown in Figure 3. Other tests were 
made at location B in which the cathode- 
ray oscillograph was used on one phase 
as well as the Klydonograph and mag¬ 
netic oscillograph. The location of the 
test apparatus in the circuit is shown in 
Figure 4. Still other tests were made with 
a circuit similar to Figure 4 except that 
the potential transformers on the line 
side of the circuit breaker were connected 
across the three poles of the breaker to 
record breaker voltage on the magnetic 
oscillograph, 

A total of approximately 2400 switch 
operations was recorded on the Klydo¬ 
nograph, resulting in approximately 850 
surge figures of such magnitude as to be 
measurable. In addition a total of ap¬ 
proximately 120 normal heats were re¬ 
corded on the Klydonograph. At loca¬ 
tion B 110 switch operations were re¬ 
corded on cathode-ray oscillograms, and 


150 switch operations were recorded on 
magnetic oscillograms. 

The results are summarized in com¬ 
parative form in Table II. 

In analyzing the results the Klydono¬ 
graph data only were used for quantita¬ 
tive results such as presented in the per¬ 
centage distribution curves of Figures 5 
and G. It was not possible to obtain suf¬ 
ficient oscillographic data for such a sta¬ 
tistical analysis. However, in general, the 
magnitudes recorded on oscillograms gave 
a reasonable check with those from the 
Klydonograph. The oscillograms were 
used chiefly to obtain information on the 
nature of the surge wave shapes, such as 
natural frequencies, restriking, and so 
forth. The only reliable information 
about wave shape yielded by Klydono- 
grams is polarity, and even this must 
sometimes be questioned, as explained 
later. 

An attempt was made to plan the test 
procedure so that answers might be ob¬ 
tained to as many as possible of the follow¬ 
ing questions: 

1. What is the polarity of the Klydonograph 
surge figures? (The character of positive 
and negative surges is quite different, and 
the two are easily distinguished. 2 ) The re¬ 
sults obtained in connection with this ques¬ 
tion are taken up in detail later. 

2 . Are overvoltages caused by the furnace 
load? At location A a number of regular 
heats were attended, and the Klydonograph 
film was moved by hand after each switch 
operation and after each time that the elec¬ 
trodes were raised or lowered. By this 
means it was determined that the only over¬ 
voltages obtained occurred on switching. 
No such tests were made at location B, 
but an examination of the Klydonograph 
records leads to the tentative conclusion 
that here also surges were caused only by 
switching. 

3. Are overvoltages caused by raising and 
lowering the electrodes to interrupt or start 
the arc? By the same procedure of moving 


Figure 9. Cathode- 
ray oscillogram of 
no - load closing 
operation — moving 
film 
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Figure 10. Cathode-ray oscillograms of no- 
load dosing operation using single sweep of 
the oscillograph 

(a), 60-cycle sweep 
Ob). 300-cycle sweep 
(c). 900-cycle sweep 

the film as previously described, it was also 
ascertained at location A that lowering and 
raising the electrodes did not cause voltage 
surges. (Again no tests were made at 
location B.) This result is not surprising 
since electrode motion is very slow and 
interruption probably occurs at normal cur¬ 
rent zero without any appreciable disturb¬ 
ance. 

4. Are overvoltages caused by closing the 
breaker on load? Closing the breaker on 
load was done at location B only. No over¬ 
voltages were observed from this operation, 
although as would be expected, current 
surges were obtained. 

5. Are overvoltages caused by tripping the 
breaker underload? Surges of several times 
normal were obtained on both installations 
by tripping underload during the early part 
of a heat. However as stated previously, 
it was found that load tripping after melt¬ 
down when the arc is short and hot did not 
produce appreciable overvoltages. 

6 . In no-load switching are the severest 
surges caused by closing or by tripping? The 
results are discussed under “No-Load 
Switching Tests.” 

7. What is the effect on no-load switching 
surges of: 

(a) . Transformer tap position? The tests on both 
installations showed that the transformer tap posi¬ 
tion did not have any important effect on the mag¬ 
nitude of switching surges. 

(b) . Supply-system grounding? This test was made 
at location A only, and the results are shown in 
Figure 6 and are discussed in detail later. 

(c) . The effect of the underground cable at location 
A? Results of this test are shown in Figure 6 
and are discussed in detail later. 

8 . What are the natural frequencies of the 
switching transients? The natural fre¬ 
quencies obtained from the cathode-ray 
oscillograms at location B are shown in 
Table II, and typical oscillograms are shown 
in Figures 7 to 14, inclusive. 

No-Load Switching Tests 

Since the voltage surges were found to 
be caused mostly by switching, and since 
the usual procedure is to switch no-load, 
the bulk of the testing was devoted to 
accumulating data on no-load switching. 


An analysis of these data reveals some 
striking differences between the results 
obtained at the two different locations, 
and these differences are believed to be 
explained by the unusual combination of 
circuit characteristics at location A. 

It is believed that location A is rather 
unique and is of particular interest for 
several reasons. 

1. It is one of a very few 34,500-volt fur¬ 
nace-transformer installations in this coun¬ 
try. 

2. The presence of the underground cable 
ahead of the circuit breaker, together with 
the great length of connected high-voltage 
line and the Petersen-coil ground, is some¬ 
what unusual. 

It will be noticed in Table II that the 
maximum surge obtained on location A 
was considerably greater than location B. 
The difference is even more evident in 
Figure 5 in which curve A represents 
switching surges at location A , and curve 
B represents those at location B. The 
difference between typical Klydono- 
graph films from location A and location 
B is striking, because of the much greater 
size and frequency of surge figures on 
films obtained at location A . Figure 15 is 
a sample Klydonogram from location A . 
Part of the difference between the severity 
of surges at locations A and B may pos¬ 
sibly be explained by the better lightning 
protection at location B. (See Table I.) 
However, in both cases the lightning ar¬ 
resters are on the other side of the circuit 
breaker from the surge-measuring in¬ 
struments. It is believed that the light¬ 
ning arresters at location B were not opera¬ 
tive to any great extent in reducing the % 
maximum value of the surges because 
there was no tendency of the percentage 
distribution curve to flatten off near the 
upper voltage limit. (See Figure 5 .) 

Several other differences between the re¬ 
sults obtained at locations A and B are of 
interest. 

Polarity 

At location A all of the Klydonograph 
figures for switching were unidirectional in 
nature and approximately equally dis¬ 
tributed between positive and negative. 
At location B nearly all of the figures ap¬ 


peared to be positive. The explanation 
for this difference is believed to be that 
surges at location A were truly unidirec¬ 
tional, while those at location B as 
evidenced by the supporting oscillo¬ 
graphic films, resulted in both positive 
and negative voltages for each surge in 
nearly every case. This being the case, 
the positive figures would tend to cover 
up completely the negative figures since 
they are more than twice as large. Also 
it happens that the 60-cycle normal volt¬ 
age line which appears in records where 
the film is clock-driven is sufficiently wide 
to hide completely all but the very highest 
voltage negative figures. As it happened 
at location A, a slight unbalance in the 
line-to-ground voltages caused the 60- 
cycle normal-voltage line to appear on 
only one phase, permitting all negative 
surge figures to be seen easily on the other 
two phases. Another interesting point is 
that in most cases at location A the surges 
appeared to be of the same polarity and 
the same order of magnitude on all three 
phases indicating that the entire winding 
rose above ground, while this was not at 
all the case at location B. 

Comparison” of Closing and Tripping 
Surges 

At location A it was surprising to find 
that nearly all appreciable no-load switch¬ 
ing surges were obtained when the 
breaker was closed, only a very few surges 
of minor magnitude being obtained for 



Figure 11. Magnetic oscillogram of no-load 
tripping recording line to neutral v Itages on 
transformer side and supply side of the 
breaker—Figure 4 

U> Ib> /c—L ine currents 
Eta> Etb> ^tc —Transformer voltage of 
phases A, B, and C 

Ela> Elb> Elc —Voltages on the supply side 
of the breaker of phases A, B, and C 
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Figure 12. Magnetic oscillogram of no-load 
tripping operation recording transformer volt¬ 
ages and breaker voltages 


U> Is, /c—Line currents 
Eta, E T b . Etc —Transformer voltages of 
phases A, B, and C 

Eba, E bb , E B c —Voltages across breaker con¬ 
tacts in phases A, B, and C 

no-load tripping. At location B on the 
other hand, switching surges were ap¬ 
proximately equally distributed between 
closing and tripping both in number and 
magnitude, with the balance slightly in 
favor of tripping. 

The closings were distinguished from 
the trippings by moving the Klydono- 
graph film by hand after each closing or 
tripping. This resulted in a normal 60- 
cycle line on the film after each closing and 
a blank space after each tripping. In 
Figure 15 all of the important surge figures 
occur at the start of the 60-cycle line, 
showing that they were produced by 
closing the breaker. 

Effect of Supply-System Grounding 

Tests were made to determine the ef¬ 
fect of system grounding at location A, 
and the results are shown in Figure 6 by 
a comparison of curves A and B. There 
seems to be an appreciable reduction in 
the magnitude of switching surges with 
the system solidly grounded as repre¬ 
sented by curve B. For this test the 
system was solidly grounded at three 
points, the nearest point being at the 
junction of the spur line and 34.5-kv 
loop four miles away. 

Effect of Underground Cable at 

Location A 

Fortunately it was also possible to make 
tests with the underground cable out of 


service and replaced by a temporary over¬ 
head line. The results are shown in 
curve C of Figure 6, and the great reduc¬ 
tion in the magnitude of switching surges 
is evident. The maximum surge was 
reduced from five to approximately two 
and one half times normal. 

It is believed that the great difference 
between results obtained at locations A 
and B are due chiefly to three factors, 
namely: 

1. Better surge protection at location B . 

2. Presence of the capacitance of the under¬ 
ground cable and great length of connected 
line at location A. 

3. The difference in grounding of the two 
supply systems. 

Of these, based on the result of the tests, 
it is believed that the presence of the cable 
is most important. 

The great effect of the cable might be 
explained by the cumulative effect which 
occurs in capacitive circuits when restrilc- 
ing occurs and which is absent in inductive 
circuits. The effect of the system ground¬ 
ing may be partly because of more rapid 
draining of charge from the cable with 
the solidly grounded condition. 

Typical Oscillograms 

Figures 7 to 9 are cathode-ray oscillo¬ 
grams made with a moving film, and 
Figure 10 is a cathode-ray oscillogram in 
which the single-sweep arrangement on 
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Figure 13. Magnetic oscillogram of tripping 
underload recording transformer voltages ahd 
line to neutral voltages on the supply side of 
the breaker—Figure 4 

I a, i b, lc —Line currents 
Eta, Etb, Etc —Transformer voltage of phases 
A, B, and C 

Ela, E lb . E lc — Voltages on the supply side 
of the breaker of phases A, B, and C 
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Figure 14. Magnetic oscillogram of tripping 
under load recording transformer voltages and 
breaker voltages 


U, Ib, Ic —Line currents 

Eta, E TB i Etc —Transformer voltages of 
phases A, B, and C 

Eba, Ebb, E B c —Voltages across breaker con¬ 
tacts in phases A, B, and C 


the oscillograph was used. Figures 11 
to 14 are magnetic oscillograms. 

Figure 7 is a record of a load tripping 
operation in which restriking occurred 
twice, and the final interruption resulted 
in an inductive kick to approximately 
twice normal. 

Figure 8 is a typical no-load tripping 
record. It will be observed that arcing 
lasted for approximately one cycle, and 
this is typical as evidenced also by the 
magnetic oscillograms. The large lower 
frequency oscillations are restriking at 
successive current zeros. It was not pos¬ 
sible to resolve the very high-frequency 
oscillations between these points on any 
of the film records obtained. 

Figure 9 is a typical no-load closing 
operation in which the shape of the long¬ 
time transient is attributed. to the fact 
that the circuit was made at different 
times on two phases. 

Figure 10a is a no-load closing in which 
a 300-cycle sweep was used. A similar 
closing is shown in 10 b at a 60-cycle 
sweep, and at 10 c in a 900-cycle sweep. 
The frequency is approximately 6,500 
cycles. In 106 the effect of making at 
different instants of time on different 
poles of the breaker is clearly shown. The 
maximum voltage obtained, however, is 
only approximately normal crest voltage. 

Natural frequency oscillations ob¬ 
tained on no-load tripping are clearly seen 
in Figures 11 and 12, and the absence of 
these oscillations is striking in the load 
trip magnetic oscillograms in Figures 13 
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and 14. However, it will be observed 
that in the load trip records, arcing is 
extended over nearly two cycles while the 
arcing period is approximately one cycle 
in the case of no-load tripping. 

Most of the film records obtained for 
both tripping and closing show three or 
more restrikes and making or breaking 
of the circuit at different times on the 
different phases. 

Conclusions 

h Voltage surges occurring on the high- 
voltage terminals of arc-furnace trans¬ 
formers are caused largely by switching. 

2. Tripping out under load can cause 
high overvoltages chiefly in the early 
parts of the heat when the arc space is 
long and cools rapidly. Load tripping, 
during the later parts of the heat may 
result in lower voltage transients than 
no-load tripping but in extended arcing. 
As a general practice it is better to raise 
the electrodes before tripping the breaker. 

3. Since no-load switching is general 
practice, the problem of switching surges 
on furnace circuits is not essentially dif¬ 
ferent from that of other power circuits, 
except that switching is more frequent 
and the circuit constants may be quite 
different. 

4. Because the problem of overvoltages, 
at least on the high-voltage side, reduces 
to one of switching surges, the character¬ 
istics of the supply system, as well as of 
the furnace circuit and the switch, will 
determine the magnitude of voltage surges 
obtained. In particular the grounding of 
the power system is important. 


Figure 15. Typical section of 
Klydon graph film obtained 
in no-load switching tests at 
location A 



5. The presence of a length of under¬ 
ground cable on the source side of the cir¬ 
cuit breaker used for switching ma}^ be the 
cause of excessive overvoltages. 

6. It is realized that the data presented 
here are far from complete or conclusive, 
and it is believed that further study of 
the problem of voltage transients in arc 
furnaces is warranted, particularly with a 
view to obtaining measurements on the 
low-voltage side of the transformer. 
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Aircraft Contactors 

F. J. RUSSELL A. P. CHARBONNEAU 

MEMBER AIEE NONMEMBER AIEE 


T HE growing complexiLy of the elec¬ 
trical systems in use on modern air¬ 
craft has given rise to need for a complete 
line of magnetically operated switches or 
relays suited to conditions encountered in 
this type of service. Relays may be classi¬ 
fied according to use as control relays and 
power relays, or in the terminology of the 
industrial-control engineer, relays and 
contactors. This paper will be confined 
to a discussion of power relays or con¬ 
tactors. Most aircraft in use at the pre¬ 
sent time have 24-volt d-c systems; con¬ 
sequently only low-voltage d-c contactors 
will be considered. 

Commercial contactors of the required 
ratings are larger and heavier than prac¬ 
tical for aircraft partially because 

1. Conditions of use do not limit these 
factors so rigidly. 

2. The longer life expected from them. 

3. The greater insulation distances re¬ 
quired for higher voltages. 

A background of experience obtained 
from commercial contactors can con¬ 
tribute greatly to the design of aircraft 
switches, but numerous special condi¬ 
tions must also be considered. Changes in 
barometric pressure from 30 inches of 
mercury at sea level to about 5.54 inches 
at 40,000 feet, and temperature ranges 
from —50 degrees Fahrenheit to +200 
degrees Fahrenheit are encountered. Vi¬ 
bration and shock may be met, and the 
switches must be designed to withstand 
them. Vibration tests consisting of 
simple harmonic motion with an ampli¬ 
tude of 0.03 inch (0.06 inch total displace¬ 
ment) and a frequency varied from 10 to 
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55 cycles per second have been made part 
of the specifications. Switches must op¬ 
erate in any position. Coil temperature 
rise must be limited to 70 degrees centi¬ 
grade above a 25 degrees centigrade 
ambient. 

Some aircraft accessories using con¬ 
tactors are listed in Table I. Loads are, 
therefore, resistance, inductance, lamps, 
and motors. Contactors are used on 
loads as low as 25 amperes and may carry 
200 amperes or more. Circuit require¬ 
ments may be for single-pole single-throw; 
single-pole double-throw; double-pole 
single-throw; and double-pole double¬ 
throw contactors. When used for the 
control of reversing motors double-throw 
contactors have two coils each operating 
a set of contacts controlling direction and 
mechanically interlocked to prevent si¬ 
multaneous operation. 

Design of a line of contactors naturally 
divides itself into consideration of several 
phases; 

1. Contacts. 

2. Magnet. 

3. Arrangement, mounting, and special 
features. 

These phases will be considered sepa¬ 
rately and in the order listed. 

Contacts 

The heart of a contactor is its con¬ 
tacts. The contact material must be one 
which does not collect a him which offers 
high resistance to the passage of current 
either when the contacts are open, while 
closed and heated by the current flow, or 
under arcing. They must therefore be 
made of a material which does not form 
nonconducting oxides and which, because 
of the low voltage, has a low resistance. 
Silver meets these requirements, but, be¬ 
cause of transfer and welding problems, 
additions to the silver, as for example 


cadmium oxide without alloying, have 
been found to give superior properties. 
Various other additions have been pro¬ 
posed including cadmium sulphide, lead 
sulphide, tungsten, and molybdenum. 
The contacts must be securely fastened to 
the contact plates to obtain a permanent 
low resistance bond. Brazing is a satis¬ 
factory method. A superior product may 
be obtained, however, by a process in 
which the constituents are granulated 
or powdered, mixed, and molded under 
high pressure direct to the backing ma¬ 
terial. A grid of serrations on the back¬ 
ing plate interlocks with the molded ma¬ 
terial to form a secure anchor and a per¬ 
manently low resistance joint. The den¬ 
sity of the contact material may be con¬ 
trolled by the pressure applied in mold¬ 
ing them. Contacts formed by this proc¬ 
ess have several important advantages. 

1. A low resistance contact having the 
properties of silver. 

2. A contact having in it other metallic 
materials to obtain less transfer and to 
reduce welding. 

3. A contact with a controlled density 
affecting its bounce characteristics and per¬ 
mitting welds to be broken. 

4. A contact extremely uniform and easy 
to manufacture. 

Contacts opening and closing d-c cir¬ 
cuits are subject to several types of fail¬ 
ure. Transfer of material from one con¬ 
tact to the other in the electric arc is a 
well-known phenomena which has caused 
considerable trouble to the designers of 
d-c switches using contacts containing 
silver. Transfer occurs at any time an 
arc exists between the contact faces and is 
a function of the current in the arc. 
It is apparent therefore that transfer may 
occur during the time that the contacts 
are arcing when they close and also during 
the time the contacts are opening before 
the arc is extinguished. It is important 
that arcing time be reduced to a minimum 
to limit the amount of transfer. Numer¬ 
ous readings taken with an instrument 
designed for measuring arcing time 1 show 
that the arcing time on closure is influ¬ 
enced by the initial contact pressure. 
Figure 1A is a curve showing the rela- 


September 1943, Volume 62 


Russell , Charbomteau—Aircraft Contactors 


Transactions 563 




Figure 1 A. Curves showing arcing time for 
various contact pressures 

tion of arcing time to initial contact 
pressure for a typical contactor and shows 
that as the contact pressure is increased 
the arcing time on closure is reduced until 
a critical value is reached. Below this 
value the bounce occurs when the contact 
plate itself rebounds while above this 
value the arcing time increases because 
the entire moving assembly of contact 
and armature bounces. The weight of 
the moving contact plate and the arma¬ 
ture must therefore be correlated with the 
initial contact pressure to obtain the 
most satisfactory values. Figure 1 B 
shows the variation in arcing time of a 
contactor as the coil voltage is changed. 
Here again a point is reached where the 
entire armature and contact assembly 
bounces as the voltage is decreased. 

The design should be such as to pre¬ 
vent “armature bounce” from occurring 
in the range of voltages over which the 
contactor is to operate. Reference to the 
curve shows that the maximum contact 



10 15 20 25 30 35 

COIL VOLTAGE 

Figure IB. Curves showing arcing time f r 
various coii voltages 


pressure is limited by satisfactory opera¬ 
tion on low voltage (18-volts hot coil). 
A minimum value which will keep the 
arcing time on the lower part of the curve 
should be used to keep transfer to a mini¬ 
mum. 

The arc formed when contacts bounce 
on closing may, if it is of sufficient dura¬ 
tion or intensity, fuse the contact mate¬ 
rial and cause rapid wear. For contacts 
of the character stated, the molten metal 
is flattened and in some cases splashed 
when the contacts reclose. On 30 volts 
this begins to occur with currents of about 
100 amperes. The high points are, under 
these conditions, leveled off so that the 
effects of transfer are nullified. Contacts 
operated above 100 amperes remain fiat 
and have a fine granulated or mottled 
appearance. 

Figure 3 shows typical contacts before 
and after being used. A typical case of 
transfer may be seen in Figure 3 c while a 
contact which has remained level is shown 
in Figure 3d. 

If the current is sufficiently high the de¬ 
gree of fusing may eventually cause weld¬ 
ing. Factors which determine the cur¬ 
rent at which welding takes place include 

1. The materials from which the contacts 
are made. 

2. The thermal capacity of the contacts. 

3. The degree of flattening of projections 
thrown up on the contact faces (controlled 
by the initial contact pressure). 

Cadmium oxide mixed into the con¬ 
tacts retards the tendency toward welding 
and transfer and is therefore beneficial. 
Contacts of high thermal capacity and 
conductivity take the heat away from 
the point of arcing and reduce the amount 
of molten material formed. The blow 
which tends to flatten projections is de¬ 
pendent on the initial contact pressure 
and the velocity of closing, and it is there¬ 
fore desirable to keep these values as high 
as possible. On opening, if the density 
of the contacts is low, the welds will be 
broken when the contacts part, particu¬ 
larly if a blow or shock is imparted to 
them. The force necessary to break the 
weld is determined to some degree by the 
materials used for the contacts and the 
form and size of the particles used in 
making them. 

Contacts should have sufficient wear 
allowance to compensate for the wear 
obtained during their life and to provide 
for the unavoidable variations in manu¬ 
facturing. The actual wear during the 
life required for aircraft contactors indi¬ 
cates that a wear allowance of 0.03 inch 
is sufficient to provide ample safety fac¬ 
tor. They should have an initial contact 


pressure high enough to prevent welding 
on the highest currents which may have 
to be made and the pull of the magnet de¬ 
signed to permit this pressure to be used 
without obtaining armature bounce. 

The arc gap required is determined by 
the voltage for which the contactor is to 
be used. A value of 0.055 inch has been 
selected as conservative for 24-volt 
service. 

Magnet 

There are several forms in which the 
operating magnet for contactors may be 
built. Each has characteristics which 
determine its suitability for a particular 
use. All have many common properties 
and a general analysis of their operation 



Figure 2. Contactor force analysis 

may be made. Figure 2 shows a force 
diagram for a typical contactor. The 
curved voltage lines represent the pull of 
the magnet at various plunger positions. 
The forces exerted by the springs are 
shown by the straight lines. For con¬ 
venience both the magnet-pull curves 
and the spring forces are plotted as if 
they were scalar quantities of the same 
direction. It should be remembered, 
however, that their direction of applica¬ 
tion is such as to oppose each other. At 
the open-gap position the plunger is kept 
from moving into its sealed position by 
the balancing or opening spring. The 
force required is determined by the 
weight of the moving parts and the ac¬ 
celeration forces to which the contactor 
may be subjected. A minimum value of 
F— (.A jG) X W where A is the maximum 
acceleration to be encountered, G is the 
acceleration of gravity, and W is the 
weight of the moving parts. For balanced 
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structures in which accelerative forces are 
cancelled the force is determined by the 
energy required to open the contacts with 
sufficient velocity to insure breaking the 
arc quickly. As the plunger is moved 
toward its sealed position the opening 
spring is compressed so that this force in¬ 
creases. It is desirable that the rale of in¬ 
crease in this force be kept as low as pos¬ 
sible, for an increase in its value increases 
the magnet pull required for a given ini¬ 
tial contact pressure. The contacts are 
arranged so that they close before the 
sealed position of the armature is reached. 
The remaining portion of the stroke is 
wear allowance. The moving contact are 
fastened to the armature by means of a 
spring in such a manner that a force is 
required to separate them from it. This 
force is the initial contact pressure and 
the performance of the contacts depends 
considerably on its value. Reference to 
the force diagram shows that the upper 
limit of the initial contact pressure fixes 
the shape of the magnet-pull curve, for it 
is necessary if the contactor is to close 
smoothly that the curve passing through 
the initial contact pressure point be a 
lower voltage than the pickup voltage 
which is the voltage at which the magnet 
pull is equal to the opening spring force 
at the open-gap position. The shape of 
these curves may be altered to some 
extent by the shape of the pole faces. 
The load placed on the power system 
when the contacts close may be high 
enough to cause an appreciable drop in 
system voltage. For instance, the current 
inrush on some motors used in military 
aircraft has been found to be as high as 
2,000 amperes. The resulting drop in 
voltage at the contactor coil terminals 
may reduce the pull to an extent that the 
contact will not seal completely, result¬ 
ing in additional arcing of the contacts 
which may cause them to weld. Voltages 
as low as eight volts have been obtained 
on 24-volt systems when heavy currents 
were drawn. There is the further pos- 



Figure 3. Contact plates 


A. Backing plate showing serrations 

B. Finished contact plate 

C. Contact plate showing transfer 

D. Contact plate after 50/000 operations at 
rated current 


sibility, if the voltage falls low enough, 
that the armature may drop back even 
though the armature reached its sealed 
position. In this case the voltage drop 
in the arc will limit the current until the 
motor accelerates and the system voltage 
builds up enough to reclose the contactor. 
Operation under these conditions will 
burn the contacts severely and will prob¬ 
ably result in welding. Dropout occurs 
when the coil voltage is decreased until 
the sealed pull is equal to the force from 
the springs tending to open the contacts. 
The magnet pull should decrease as the 
magnetic gap increases in a way so that 
it is less at the point where the contacts 
just touch than the force exerted by the 
opening spring to avoid hesitancy in 
dropping out. In other words, the curve 
passing through the point of zero wear 
allowance must be of a higher voltage 
than that of the drop-out curve. 

The coil must have the required am¬ 
pere turns tej produce the necessary pull 
at the lowest voltage on which it is to 

Table I. Aircraft Accessories Using Contactors 


Load 


Battery disconnect.General 

Engine starter.Motors 

Engine synchronizer.Motors 

Propeller pitch control.Motors 

Wheel retraction.Motors 

Flap control.Motors 

Lighting.Lamps 

Fuel transfer.Motors 

Heating.Heaters 

Gun firing.Solenoids 

Bomb release.Solenoids 

Turret operation.Motors 


operate. The minimum open-circuit 
voltage on 24-volt systems has been set 
at 18 volts, and therefore the pickup 
voltage must not exceed this value when 
the coil has attained its ultimate tem¬ 
perature. Since the temperature rise of 
the coil is limited to 70 degrees centigrade 
above a 25 degrees centigrade ambient, 
this final temperature is 95 degrees centi¬ 
grade or the contactor must pick up on 
14.2 volts when the coil is at 25 degrees 
centigrade if it is to operate on IS volts 
with a hot coil. 

The maximum voltage encountered on 
24-volt systems is 28.5 volts. The coil 
must not exceed its allowed temperature 
rise when this voltage is applied. These 
factors fix the resistance of the coil and 
its radiating area. 

Contractors which are not energized 
for sufficiently long periods to attain 
their ultimate temperature may have 
coils designed for part-time duty only. 
Advantage may be taken of this fact to 
reduce the size of coils used on inter¬ 
mittent-duty contactors or greater pull 



Figure 4. 25-ampere balanced-armature air¬ 
craft contactor 


may be obtained from coils the same 
size as continuous-duty coils where special 
conditions must be met. 

An intermittent-duty coil may be pro¬ 
tected by the use of a resistor to make it 
suitable for continuous duty. The re¬ 
sistor is inserted in series with the coil 
after the main contacts have been oper¬ 
ated. A set of auxiliary contacts are used 
to insert the resistor, which may be addi¬ 
tional turns on the coil itself. The auxil¬ 
iary contacts must be arranged to open 
after the main contacts close and the re¬ 
sistance value and the shape of the pole 
faces should be selected to keep the mag¬ 
net pull greater at all points than the 
spring force to avoid chattering or tele¬ 
graphing, See the dotted curve in Fig¬ 
ure 3. While this type of construction 
permits the use of a smaller and lighter 
coil, the addition of the auxiliary contacts 
and the additional leads on the coil may 
completely offset the advantages of this 
construction. Greater difficulties in ad¬ 
justment because of the accuracy re¬ 
quired on the small switch are to be ex¬ 
pected. 

The pivoted armature type of magnet 
consisting of essentially a U having the 
coil mounted on one leg and using the 
other leg as a return magnetic path and 
also serving as a support for the armature 
pivot is a well-known and widely accepted 
form used a great deal in industrial con¬ 
tactors. The armature lever may be ex¬ 
tended in both directions from its pivot 
and balanced, thereby making it more or 
less free from shock and the effects of 
vibration or acceleration. The contacts 
may be placed at either end of the lever, 
depending on whether they are to be 
closed or open when the magnet is ener¬ 
gized. Coils are readily replaceable with 
this type of magnet. The travel of the 
armature lever in the closed direction is 
limited by the sealing of the armature 
face against the core face. In order to 
insure a reliable contact throughout the 
life of the contactor and to compensate 
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Figure 5. 200-ampere solenoid-type aircraft 
contactor 


for wear of the contacts the contact faces 
are made to touch before the armature 
seals, the additional travel being taken up 
by providing for relative movement be¬ 
tween the contacts and the armature 
lever, either using a spring for this pur¬ 
pose or depending on the flexing of the 
parts themselves. The latter method 
has the disadvantage, however, of re¬ 
quiring periodic adjustment of the con¬ 
tact position to compensate for contact 
wear, thereby causing a very rapid de¬ 
crease in contact pressure unless the parts 
are made sufficiently flexible to give the 
same action as a separate spring. This is 
a construction frequently used in control 
relays where the amount of power handled 
and the wear is small. The pivoted- 
armature-lever construction can be made 
to cause a rolling or sliding action be¬ 
tween the faces of the contacts which is 
desirable if the contact material is such 
as to collect a nonconductive film but 
which has severe disadvantages for some 
types of material. 

Figure 4 is an illustration of a balanced- 
armature type of contactor rated at 25 
amperes. 

The ironclad solenoid type of magnet 
may also be used. The armature in this 
case is a plunger moving in the center of 
the coil and sealing against a stationary 
core member. The coil is enclosed in a 
shell which forms the return magnetic 
path and also serves as protection. The 
stationary contacts are mounted at one 
end of the coil and the moving contacts 
travel in a straight line to engage them. 




Figure 6. 100-ampere two-pole single-throw 
aircraft contactor 


For the type of contacts being used this is 
an ideal arrangement because sliding or 
rolling on contacts of the character under 
discussion is not desirable. The face of 
the plunger in this case is conical in form 
to produce the desired pull curve. 

A contactor of the solenoid type rated 
at 200 amperes is shown in Figure 5. 

Arrangement Mounting and 
Special Features 

In the design of the line of solenoid op¬ 
erated switches the coil is enclosed by the 
shell for protection and the assembly 
fastened together to make it a readily re¬ 
placeable unit. The mounting ■ bracket 
forms part of the magnetic path to con¬ 
serve material and to reduce the weight. 
Since it is in intimate thermal contact 
with the coil shell and the central core, 
the radiation from the bracket aids in the 
dissipation of the heat produced in the coil. 
The stationary contacts are mounted 
on a bakelite terminal board placed on the 
opposite end of the coil from the mount¬ 
ing bracket. Iron pole pieces under the 
contacts serve to concentrate the mag¬ 
netic field across the contact faces to ob¬ 
tain a blowout action. The plunger is 
arranged to impart a blow to the contact 
when the coil is de-energized by having 
the force from both the contact spring and 
the opening spring applied to the plunger 
in the closed position. When the coil is 
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Figure 7. 50-ampere single-pole double¬ 
throw aircraft contactor 


de-energized, the plunger moves a distance 
equal to the wear allowance before strik¬ 
ing .the contact plate, thereby tending to 
break any weld that should be found. 

Double-pole single-throw contactors 
are similar to the single-pole contactors, 
except that a second set of contacts is 
provided. Figure 6 shows the 100-am¬ 
pere two-pole contactor. 

The reversing contactor shown in Fig¬ 
ure 7 consists of two single-pole or double¬ 
pole contactors mounted on a common 
bracket and having a common terminal 
board. An interlocking bar to prevent 
simultaneous operation permits either 
contactor to be operated independently. 

Conclusion 

Contactors designed particularly for 
use on aircraft may be smaller and lighter 
than those having comparable current 
ratings used commercially. In order to 
obtain the most satisfactory design care¬ 
ful consideration must be given to the 
basic requirements and to the conditions 
of operation. Analysis of the functions of 
the component parts makes it possible to 
design them to obtain contactors having 
maximum flexibility in application, mini¬ 
mum maintenance for long and depend¬ 
able operation, and smallest size. 

Reference 

1. An Instrument for the Determination of 
Contact Making and Breaking Time, Walther 
Richter, William H. Elliot. AIEE Transactions, 
volume G2, 1943, January section, pages 14-10. 


Electrical Engineering 


Interim Report on Application and Opera¬ 
tion of Out-of-Step Protection 

AIEE RELAY SUBCOMMITTEE 


Preface: The present war emergency 

requires that the maximum use be made of 
existing equipment and systems and that a 
minimum of critical material be used for 
new equipment. 

This publication and other guides and 
reports in this series have been prepared for 
the information of users during the war 
emergency. Upon termination of the war 
emergency they will be reconsidered by the 
Standards committee and the committees 
which prepared them, and will be approved, 
revised for normal use, or rescinded. 

This procedure is being followed in 
preference to the preparation of special 
emergency standards which might involve 
redesigning and drastic changes in manu¬ 
facturing practices. These guides will ac¬ 
complish the maximum conservation of 
critical materials, since they provide for the 
maximum use of existing equipment and 
systems, as well as new equipment without 
changing the fundamental basis on which 
the present standards have been prepared. 


Synopsis: Out-of-step protection of syn¬ 
chronous machines and system interconnec¬ 
tions is now demanding serious considera¬ 
tion, first because the heavy loading of ma¬ 
chines and. transmission lines has intro¬ 
duced many stability problems and sec¬ 
ondly, because outages resulting from out- 
of-step conditions may interfere seriously 
with the war effort. The relay subcommit¬ 
tee has, therefore, considered it timely to 
prepare a report on the subject and has 
appointed a working group for that purpose. 

The report describes briefly out-of-step 
phenomena, the methods of protection that 
are available, and a cross section of the 
practices and requirements of representative 
utility systems. 

Out-of-Step Phenomena 

I T is well recognized that when a syn¬ 
chronous machine pulls out-of-step 
with another synchronous machine or 
group of machines, a violent disturbance 
is set up which may damage the machines 
and cause undesirable operation of relays 
used to protect against overload or short 
circuit. Detailed explanations of the 
actual phenomena have been pub¬ 
lished. 5 " 9 It is believed, however, that a 
brief review of the behavior of the current 
and voltage during an out-of-step condi¬ 
tion may enlighten the discussion on the 
application of devices and methods for 
protecting machines, for blocking unde¬ 
sirable tripping of fault protective relays, 
and for opening interconnections at 


selected points during out-of-step condi¬ 
tions. 

A synchronous machine can be repre¬ 
sented by an equivalent reactance and an 
internal voltage. For steady-state condi¬ 
tions, this equivalent reactance is equal to 
the synchronous reactance modified in 
accordance with the machine excitation. 
For sudden changes in armature current, 
such as those that occur during an out-of- 
step condition, the equivalent reactance 
is generally more nearly represented by 
the transient reactance of the machine. 

When two synchronous machines are 
paralleled, the current interchange be¬ 
tween them is determined by the vector 
difference of their internal voltages ap¬ 
plied to the interconnecting impedance, 
which includes the reactance of the ma¬ 
chines as well as any impedance between 
machines. Neglecting charging current 
and any tapped-off load current, the cur¬ 
rent is the same at all points in the inter¬ 
connection and lags the difference voltage 
by the impedance angle of the intercon¬ 
nection. The voltage at any point is 
equal to the internal voltage of the leading 
machine minus the impedance drop to the 
point. See Figure 1. With this basic 
understanding it is possible to determine 
either analytically or graphically the 
magnitudes and relative phase angles of 
the current and voltage at any point in an 
interconnection for any magnitude and 
angular separation of internal voltages. 

When the machines pull out of step, the 
internal voltages swing apart through an 
angle of 360 electrical degrees for each 
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complete slip cycle. As this angle of 
separation progresses, it causes a differ¬ 
ence voltage which starts at a minimum 
for the inphase position, builds up to a 
maximum at 180 degrees out-of-phase, 
and decreases again to a minimum at 360 
degrees. Therefore, there will be pulsa¬ 
tions in current and voltage at every 
point in the interconnection. The cur¬ 
rent will pulsate in magnitude similarly 
to the difference voltage; that is, it will 
be a minimum for the inphase position 
and a maximum at 180 degrees out-of¬ 
phase. The voltage at any point will also 
pulsate in magnitude, but it will be a 
maximum for the inphase position and a 
minimum at or near 180 degrees out-of¬ 
phase. The minimum value will vary 
throughout the interconnection, reaching 
zero at one point which, for equal internal 
voltages, would be the electrical center of 
the interconnection. If the internal 
voltages are unequal, the point of zero 
minimum voltage will be proportionally 
nearer the end of lowest internal voltage. 

The curves of Figure 1 show how the 
interchange current, the voltage, and the 
angle between the two vary during a com¬ 
plete slip cycle at two points in a typical 
interconnection. Equal internal voltages 
and no intermediate load are assumed. 
The points shown are the high-voltage 
busses at each end of an interconnection 
consisting of a synchronous machine and 
transformer at each end with a 60-degree 
impedance line between. From these 
curves, it is possible to predict the per¬ 
formance of voltage-, current-, watt-, or 
distance-type relay elements located at 
each end of the line, taking into account 
the relay connections and the period of a 
slip cycle. 

Protection of Individual 
Synchronous Machines 

Individual synchronous machines can 
be protected against out-of-step operation 
by devices that recognize a condition 
which may cause pull-out unless corrected 
or by devices that detect an actual out-of- 
step condition. The more complete pro¬ 
tection would include devices of both 
types. In general, the degree of protec¬ 
tion warranted depends on whether the 
station is automatic or attended, whether 
the machines are generators or motors, 
and upon the importance of the machine. 

Before Loss of Synchronism 

A synchronous machine may pull out 
of step because of any one or a combina¬ 
tion of the following conditions: 

1. Load in excess of pull-out with normal 
excitation. 
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2. A sudden change of large magnitude in 
load. 

3. Drop in applied voltage (motor). 

4. Abnormally low or complete loss of 
excitation. 

Complete protection against probable 
loss of synchronism involves devices that 
will detect any one of the aforementioned 
conditions. 

Load in Excess of Pull-Out With 

Normal Excitation 

In general, the steady-state pull-out 
torque of a synchronous machine with 
normal excitation involves currents in ex¬ 
cess of the thermal capacity of the ma¬ 
chine; so devices provided for overload 
protection will also protect against 
steady-state pull-out caused by overload. 
Such devices are usually thermal- or over- 
current-type relays set either to shut the 
machine down or to sound an alarm. 
Where the overload device does not pro¬ 
vide protection against steady-state pull¬ 
out with minimum operating excitation, 
such protection may be provided by a 
kilowatt relay set below the minimum 
pull-out load or by a load limiting device 
on the prime mover. 

Sudden Change in Load 

Sudden load changes on generators are 
usually caused by system faults, loss of 
large blocks of power, or by tripping off 
of other generating equipment. When 
the load change exceeds the transient 
stability of the machine, the machine will 
usually pull out of step so quickly that an 
overload device for detecting probable 
loss of synchronism is of little value. 
Automatic voltage regulators and exciters 
with high speed of response are used as 
corrective devices. Also in operation are 
load anticipators for steam turbine genera¬ 
tors, which respond to sudden changes in 
load but which are not affected by gradual 
changes. The normal function of this 
device is to initiate a change in steam flow 
to the prime mover corresponding to a 
sudden change in load without interfering 
with the normal functioning of the gover¬ 
nor for gradual changes in load. 

An inertia relay 1 which responds to rate 
of frequency change has been developed 
primarily to expedite immediate circuit 
reclosure. Two out-of-step protective 
schemes are being installed which make 
use of this relay to detect approaching 
instability through the rate in frequency 
change as reflected in voltage phase shift. 
A watt relay is employed to block the 
inertia relay for system swings resulting 
from high-speed clearing of faults which 
do not cause loss of synchronism. 


Drop in Applied Voltage 

The pull-out torque of a synchronous 
motor varies almost directly as the ap¬ 
plied voltage. A substantial drop in 
voltage of more than a few cycles duration 
is therefore quite likely to cause loss in 
synchronism. Synchronous motors are 
usually provided with undervoltage pro¬ 
tection to prevent continued operation at 
reduced voltage or reapplication of im¬ 
proper voltage after shutdown. How¬ 
ever, this undervoltage protection should 
have time delay to prevent unnecessary 
trip-outs on momentary voltage dips and 
therefore should not be depended on to 
anticipate an out-of-step condition. 

Loss of Excitation 

The field excitation of a synchronous 
machine has an important bearing on its 
pull-out torque. Figure 2 shows how 
the steady-state pull-out between a typi¬ 
cal turbine generator and power system 
varies with excitation. Protection 
against field failure, or inadequate' ex¬ 
citation for a given generator output, is 
desirable from the standpoint of pull-out 
if it does not otherwise detract from 
operating reliability. 

The American Standards Association 
Standards for Automatic Stations recom¬ 
mends loss-of-field protection for all 
types of machines having fields. This is 
usually provided by an undercurrent relay 
in the field circuit to trip and lock out a 
machine that has lost its excitation. If 
the station is attended, an alarm may be 
sounded instead. The undercurrent relay 
should have sufficient time delay to ride 
through transient conditions of low field 
current immediately following external 
short circuits.* Either the drop-out cur¬ 
rent of the relay must be low enough to 
allow generation at minimum excitation 
requirements, or its contact circuit must 
be disconnected during this operating 
condition. The relay may also be inter¬ 
locked with the generator or line breaker 
so that it is operative only when the ma¬ 
chine is on the line. 

The main function of an undercurrent 
relay in the field circuit is to detect loss of 
field because of open circuits in the field or 
a failure in some part of the excitation 
system. It does not provide positive 
protection against inadequate excitation 
for a given generator output. Further¬ 
more, it would not always be fast enough, 
if time delay is intentionally provided, to 
disconnect a machine with inadequate 
excitation before synchronism is lost. 

Some companies have rigid operating 
instructions regarding the minimum ex¬ 
citation current permitted for a given 
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generator output. This quantity has 
generally been under the manual super¬ 
vision of an operator, but it could be 
supervised automatically by balancing 
the kilowatt load against the d-c field 
strength. Automatic voltage regulators 
can be compensated to assure adequate 
excitation, or for generators they could be 
interlocked with the prime mover throttle 
so that the generator could not operate 
with a low field at full throttle. They 
could also be provided with a device to 
limit regulator action to a predetermined 
minimum field current and to indicate 
when this excitation existed. 

When a generator loses field, it draws 
excitation from the system. Reactive 
kilovolt-ampere flow into the generator 
can therefore be used as an indication of 
inadequate excitation. A more positive 
scheme is to use reactive current, since 
the reactive kilovolt-amperes may be held 
down because of a severe drop in voltage. 
There are several installations 2 of this 
type. Reactive current is measured by 
means of a polyphase reactive kilovolt¬ 
ampere relay, with a voltage regulator to 
maintain a constant voltage on the relay. 
The reactive-current relay is interlocked 
with an undervoltage relay in the bus to 
prevent tripping unless the bus voltage is 
low enough to make operation of the 
generator unsafe. The combination is 
sensitive to the effect of a serious reduc¬ 
tion in excitation, regardless of how it is 
caused, and removes a machine from 
service quickly enough to minimize the 
effects of field failure on the rest of the 
system. 

After Loss qf Synchronism 

A relay operating on current alone, 
voltage alone, or directional current alone 
cannot be depended upon to discriminate 
between an out-of-step condition and a 
system disturbance. An overcurrent re¬ 
lay with pick-up above maximum load 
current and time delay greater than 
maximum fault clearing time may not 
close its contacts during an out-of-step 
condition, particularly if the excitation'of 
the machine is low. If the relay pick-up 
and time delay are set low enough to 
operate for an out-of-step condition, the 
relay is quite likely to operate during the 
period of hunting following a system dis¬ 
turbance. A directional overcurrent re¬ 
lay would have the same weakness. Like¬ 
wise, a voltage relay with its drop-out set 
low enough to ride through a fault condi¬ 
tion might not operate during out-of-step 
unless the machine impedance were high 
so that the terminal voltage would dip to 
a low value. 

A more reliable scheme of protection 


makes use of a notching element actuated 
by out-of-step impulses. The notching 
relay trips the machine or sounds an alarm 
after a given number of pole slippages, 
usually three to five pairs. The notching 
element may be either a mechanical de¬ 
vice or a counting chain of auxiliary re¬ 
lays arranged so that each link will notch 
up in succession as successive out-of-step 
impulses are given to it. 

The notching prerequisite makes it 
possible to use more sensitive impulse¬ 
detecting relays without the possibility of 


An overcurrent or an undervoltage re¬ 
lay may be used to actuate the notching 
element, however, it may be difficult to 
set an overcurrent relay to discriminate 
between a hunting condition and an out- 
of-step condition. Also, the voltage dip 
at the machine terminals may not be 
enough to drop out a voltage relay posi¬ 
tively. A more reliable scheme makes 
use of a duodirectional watt relay and an 
overcurrent relay, with their contacts 
connected in series as shown schemati¬ 
cally in Figure 3. The alternate closing 
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Figure 1. Behavior 
of the current and 
voltage at each end 
of a typical inter¬ 
connection during a 
slip cycle 

tripping at the time of a line fault. A 
single impulse will be given to the notch¬ 
ing element at the time of a fault. It is 
therefore necessary to reset the device 
after each system short circuit. Other¬ 
wise, repeated short circuits would even¬ 
tually cause tripping. This resetting 
operation can best be performed auto¬ 
matically by means of a timing relay 
which is set in motion by the first notch 
and arranged to reset the notching ele¬ 
ment if the notching sequence is not com¬ 
pleted within a specified time. 

The total number of notches in the se¬ 
quence should be as small as possible to 
minimize stress on the machine and dis¬ 
turbance to the system. However, it 
must be large enough to insure against 
operation from other system disturb¬ 
ances, hs for example the impulses caused 
by the successive reclosing of a line 
breaker. A notching sequence constitut¬ 
ing a pole slippage of three to five pairs of 
poles will usually provide sufficient mar¬ 
gin. 


of the forward and reverse contacts of the 
watt relay with the overcurrent relay 
contacts closed will notch up the notching 
element. 

The watt relay prevents the overcurrent 
relay, which may be set to less than full¬ 
load current, from notching up because of 
changes in load current. The object of 
the overcurrent relay is to prevent the 
watt relay from notching up during 
hunting. If the machine hunts during 
light load, the watt relay will follow the 
oscillations, but the current will normally 
not be high enough to operate the over¬ 
current relay. If the machine is carrying 
a heavy load the current element might 
pick up, but the power surges during 
hunting will normally not reverse in 
direction, and the watt relay would not 
close its reverse contacts. The combina¬ 
tion thus provides reliable out-of-step 
protection except when the machine pulls 
out because of complete loss of field. A 
cylindrical-rotor machine without field 
excitation may operate as an induction 
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Figure 2. Effect of field excitation on steady- 
state pull-out of typical generator and system 


generator at one or two per cent slip 
without reversal of power. The best 
protection against out-of-step operation 
from this cause is a field-failure relay. 

Where there are several generators 
bussed together in a station, the out-of- 
step relays may have to be supplemented 
by a discriminating relay to indicate 
which machine is actually out of step. 
This might be a directional impedance 
relay used to indicate the direction of the 
electrical center, which would normally 
fall within any one machine that pulled 
out of step with others in a station. The 
difference in reactive current flow in the 
various machines might also be used as a 
discriminating factor. It is not known 
whether there are any such applications. 

It is common practice to provide relays 
that will remove the field excitation from 
synchronous motors of moderate size 
when they pull out of step and reapply 
excitation at the proper time for resyn¬ 
chronizing, The power factor of the 
current flow into the motor has been used 
as an indication of loss of synchronism. 
In addition to power-factor relays, there 
are several relays designed especially to 
remove the field excitation on pull-out 
and reapply excitation for resynchroniz¬ 
ing. One of these is the “slip-cycle im- 



Figure 3. Out-of-step notching relay for 
protection of synchronous machines 


pedance” relay which operates on the 
variations in impedance of the armature 
winding of the motor that occur during 
each slip cycle of out-of-synchronism 
operation. Another type of relay used 
for this purpose is the “field-frequency' 1 
relay which responds to magnitude and 
frequency of voltage generated in the field 
circuit. Also available is a “synchro- 
matic” relay which responds to speed as a 
function of armature current and to time. 
There are many of these types of relays in 
successful operation. 

Protection of Transmission Lines 

Before Loss of Synchronism 

Loss of synchronism between generat¬ 
ing stations or between power systems is 
generally caused by some transient dis¬ 
turbance, such as a transmission line 
fault, or a sudden load change. The 
ability of the interconnection to maintain 
synchronism during such a disturbance 
depends mainly on the speed of fault 
clearing and the angle between stations 
previous to the fault. The speed of fault 
clearing is fixed by the fault protective 
devices. However, the angular shift 
through the interconnection depends upon 
the load being interchanged and the im¬ 
pedance of the interconnection, both of 
which may vary. Either one or both of 
these quantities could serve therefore as 
a warning against possible loss of syn¬ 
chronism in case of a disturbance. 

A watt relay can be used to sound an 
alarm or make a load correction when the 
load interchange reaches the allowable 
limit for a given impedance. However, 
load magnitude is not a reliable indication 
where the impedance is liable to change. 

There is in service one group of relay 
installations intended to measure the 
angle between systems. The intercon¬ 
nections consist of both high- and low- 
voltage ties between systems. Stability 
cannot be maintained through the low- 
voltage tie in the event the high-voltage 
tie opens. A voltage relay is energized 
from a differential circuit supplied with 
voltage from each system. When the 
systems are over 60 degrees out-of-phase 
the relay operates to warn that something 
must be done immediately to relieve the 
condition. 

Remote control by carrier-current tele¬ 
metering offers possibilities of automati¬ 
cally giving an alarm or adjusting load 
interchange to conform to system condi¬ 
tions. There is one installation 3 where 
the receiver system phase angle is com¬ 
pared with the sending system phase angle 
by means of carrier current over a distance 
of 460 miles. The interchange is auto¬ 


matically controlled by this comparison 
of phase angle. 

After Loss of Synchronism 

When interconnected generating sta¬ 
tions or power systems pull out of step, 
it is generally desirable to open the inter¬ 
connection at such a point that system 
operation is least disturbed. However, 
all the fault protective relays in the inter¬ 
connections are subjected to out-of-step 
current and voltage pulsations, and this 
may cause circuit breakers to be tripped 
at one or more undesirable locations. 
The usual function of out-of-step relays as 
applied to transmission lines is therefore 
to block undesirable tripping. They 
may also be used as out-of-step tripping 
relays to open rapidly the tie breakers at 
preselected locations during out-of-step 
conditions. 



Figure 4. Out-of-step relay for blocking the 
trip circuits of fault-protection relays during 
out-of-step conditions 


Relays operating on residual current or 
voltage for ground-fault protection are 
not affected during out-of-step, since the 
pulsations are balanced between phases. 
Also, parallel-line balanced-current relays 
and current differential relays, such as 
those used in a-c pilot-wire relaying, are 
not affected. However, overcurrent re¬ 
lays, undervoltage relays, distance-type 
relays, and directional comparison relays, 
such as those usually employed with 
carrier-current relaying, are susceptible to 
operation during out-of-step conditions. 
Distance relays can be provided with 
phase-angle characteristics to be less sen¬ 
sitive to system oscillations than to faults. 

Most out-of-step relays for transmis¬ 
sion-line protection make use of the 
gradual change in current or voltage or 
both in discriminating between a fault 
and out-of-step condition. Two ele¬ 
ments differing in sensitivity enough to 
give a few cycles of time delay between 
pick-up as the two systems pull apart are 
used. Overcurrent elements can be used 
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if the interconnected generating capacity 
is essentially constant, so that the out-of¬ 
step current can be safely predicted. Im¬ 
pedance elements are better suited, how¬ 
ever, because the ratio of voltage to cur¬ 
rent during out-of-step conditions varies 
over a greater range and is more nearly 
independent of generating capacity. The 
impedance elements may be the same as 
those used for fault protection, or they 
may be separate from the fault-protective 
relays. If a fault occurs within the pro¬ 
tected zone, both elements operate sub¬ 
stantially together-and the out-of-step 
feature is made inoperative. However, if 
there is a relatively slow decrease in the 


the slip cycle when an out-of-step condi¬ 
tion is indicated. 

A typical scheme of blocking the trip 
circuit is shown in t Figure 5. The same 
distance-type elements are used for car¬ 
rier control, for backup protection with 
the carrier out of service, and for indicat¬ 
ing an out-of-step condition. Auxiliary 
contactors are used to block the tripping 
circuit during the period of a slip cycle if a 
three-phase-fault indication in the back¬ 
up zone persists for approximately four 
°ycles before the local carrier receiver re¬ 
lay closes its contacts indicating an in¬ 
ternal fault. As indicated in Figure 1, 


measured impedance, such as that charac¬ 
terized by a system oscillation alone, one 
element operates before the other, and 
an auxiliary relay is operated either to 
trip or to block tripping as desired. 

A typical out-of-step relay is shown 
schematically in Figure 4. The scheme 
can be made more positive in action by 
using three of the most sensitive elements, 
one per phase, with their contacts con¬ 
nected in series. It is then necessary only 
to discriminate between out-of-step con¬ 
ditions and three-phase faults. If neces¬ 
sary, the gradual change in angle between 
current and voltage as the systems pull 
out of step could also be used as an added 
discriminating factor. 

Out-of-step blocking is more generally 
applied where carrier-current relaying is 
in use. This is probably because carrier- 
current relaying is commonly used on 
systems subject to instability and because 
out-of-step blocking can be readily 
adapted to carrier relaying. The block¬ 
ing may be accomplished either by open¬ 
ing the trip circuit at each relay location 
during the out-of-step tripping impulse, 
or by transmitting a carrier signal through 
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Figure 5. Out-of-step blocking combined 
with carrier-current relaying. Trip circuit is 
blocked during out-of-step period 



Figure 6. Another method of combining 
out-of-step blocking with carrier-current re¬ 
laying. Carrier signal is transmitted to block 
tripping during out-of-step period 


impedance-type fault-detector elements 
would operate before the slip cycle ad¬ 
vanced far enough to indicate an internal 
fault. This scheme can be made opera¬ 
tive with the carrier out of service and 
the relays operating as distance type. 

A typical scheme of blocking by trans¬ 
mission of carrier signal is shown in Figure 
6. An auxiliary blocking unit causes a 
earner signal to be transmitted during 
the out-of-step period when a three-phase 
fault indication in the non tripping direc¬ 
tion persists for some six cycles at either 
terminal. 

There are some installations where the 
elements of distance relays used, for fault 
protection without carrier are also used 
for out-of-step blocking or tripping. This 
is usually done as shown in Figure 6. By 
means of a control switch the out-of-step 
relay can be set to either block tripping or 
to trip on the first out-of-step swing. 

In some carrier-current installations 
high-speed tripping is sacrificed in an 
attempt to prevent tripping during out- 
of-step conditions. Other schemes in 
use transmit blocking carrier for a short 
time after an external fault has been 


cleared, in anticipation of a heavy system 
oscillation. 


Operating Practices and 
Requirements 

A questionnaire soliciting general com¬ 
ments on operating practices and require¬ 
ments regarding out-of-step protection 
has been sent to a number of relay engi¬ 
neers throughout the country. Their re¬ 
plies have been used as a guide in pre¬ 
paring the text. In addition, a question¬ 
naire of specific questions was sent to 
another group of relay engineers repre¬ 
senting utilities having various types of 
interconnections. It is believed that their 
replies give a fair cross section of actual 
practices and requirements. The ques¬ 
tionnaire read as follows: 

1. Have any cases of synchronous-machine 
pull-out occurred on the system you repre¬ 
sent? 

2. What precautions, if any, are employed 
to recognize a condition such as sudden 
overload or loss of excitation that might 
cause a synchronous machine to pull out of 
step? Please explain the principle of the 
scheme of protection used and its operating 
record. 

3. Which of the following do you consider 
the. most desirable in case of the loss of 
excitation on a major generator: 

(a) . Sound an alarm. 

(b) . Trip the machine off the line. 

(c) . Automatically transfer to an emergency source 
of excitation. 

4. What scheme of protection, if any, is 
used to detect that a machine has pulled 
out of step? What is its operating record? 
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5: Which of the following do you consider 
the most desirable in case a synchronous 
machine pulls out of step? 

(a). Sound an alarm, 

(&). Trip the machine off the line. 

fi. Have any cases of system instability, 
that is, instability between systems or be¬ 
tween generating stations, been experi¬ 
enced? 

7. Have there been any eases where out-of- 
step or severe system swings have caused 
line relays to operate? 

8. What scheme, if any, is used to block 
tripping of line relays during out-of-step or 
to separate the system at a selected point? 
Is the scheme used with or without carrier 
current? What is its operating record? 

9. Which of the following schemes of 
operation do you consider most desirable? 

(а) . Provide no out-of-step blocking and let the 
line relays trip where *they may. 

(б) . Provide blocking of all relays that are liable 
to trip during out-of-step with the thought that 
stability will be regained. 

(c ). Provide blocking of all relays that are liable 
to trip during out-of-step except those at one 
selected location where out-of-step tripping is least 
objectionable. 

10. Do you consider it desirable to keep 
the out-of-step blocking devices entirely 
separate from the line relays or to incor¬ 
porate them in the line-relaying scheme if 
possible? 

11. Miscellaneous comments. 

A summary of the replies to the ques¬ 
tionnaire is given in Table I. 

General Conclusions 

1 . Practically all operating companies 
have had synchronous machines pull out 
of step because of loss of excitation or 
some other disturbance. 

2. It is not general practice to provide 
generators with means of detecting dis¬ 
turbances that might cause the machine 
to pull out of step. Some have reverse- 
current or undercurrent relays in the field 
circuit, and at least one company protects 
against inadequate excitation by measur¬ 
ing the reactive current taken by the 
generators. Quite a few provide partial 
protection by means of overcurrent re¬ 
lays, although it is recognized that this 
does not provide positive protection 
against out-of-step operation. Large syn¬ 
chronous motors and synchronous con¬ 
densers are quite generally supplied with 
protection against loss of field. 

3. There is a divided opinion as to 
whether an alarm should be sounded in 
case a major generator loses excitation or 
whether the machine should be tripped off 
the line. Most operators seem to prefer 
tripping. 


4. It is not general practice to provide 
special devices for detecting when genera¬ 
tors pull out of step. Large synchronous 
motors and synchronous condensers are 
often provided with some degree of pro¬ 
tection by overload relays. Some are 
provided with out-of-step relays. 

5. There is a divided opinion as to 
whether an alarm should be sounded when 
a synchronous machine pulls out of step 
or whether it should be tripped off the line. 
The majority seem to favor tripping. 
There is a feeling that if a generator pulls 
out of step because of loss of excitation it 
will not regain synchronism without ex¬ 
cessive disturbance if excitation is re¬ 
stored. It is generally felt that a machine 
will be seriously damaged if it is not 
tripped immediately. However, there 
have been cases where turbine generators 
have pulled out of step because of loss 
or reduction of excitation, have run for a 
minute or two as induction generators, 
and then pulled back into step when ex¬ 
citation was restored. Inspection showed 
no apparent damage. 

6. Practically all utilities, except those 
consisting of steam stations connected 
rigidly together electrically, have ex¬ 
perienced system instability. 

7. Most utilities have experienced un¬ 
desirable operation of fault-protective re¬ 
lays as a result of system instability. 

8. Quite a number of utilities attempt 
either to block line relays from tripping 
because of out-of-step conditions or to set 
tlie relays so that tripping will occur at a 
preselected point. Out-of-step blocking 
in conjunction with carrier relaying is the 
method most commonly used. 

9. Most utilities would prefer to pro¬ 
vide blocking of all relays that are liable 
to trip during out-of-step except those at 
one selected location where out-of-step 
tripping is least objectionable. Some use 
out-of-step relays for tripping where fault- 
protection relays cannot he depended on 
to trip during out-of-step operation. 

10. There is a divided opinion as to 
whether out-of-step devices should be 
kept entirely separate from the line relays 
or whether they should be incorporated in 
the line-relaying scheme if possible. There 
may be applications where the settings of 
the elements for out-of-step protection 
should be different from those for fault 
protection. In some cases there is an 
advantage in having the out-of-step de¬ 
vices separate from the line relays. 

11. Most operators agree that, where 
possible, consideration should be given to 
strengthening interconnecting ties be¬ 
tween systems and to decreasing fault 


clearing time in an effort to prevent in¬ 
stability. However, this cannot always be 
economically justified. Also, the war has 
made it necessary to explore every possi¬ 
bility to attain maximum utilization of 
existing equipment. Out-of-step blocking 
and selective tripping provide one effec¬ 
tive way of doing this. 

12. There are out-of-step devices and 
methods available that will meet most 
requirements if applied properly. How¬ 
ever, operating experience with some of 
them is limited. There is an apparent 
need for further investigation of the ac¬ 
tion of out-of-step relays during certain 
conditions. Among these are: 

(a) . A prolonged fault during out-of-step. 

( b ) . The closing of a circuit breaker on a 
system out of step. 

(c) . Out-of-step operation through a long 
high-voltage line where charging current is 
to be reckoned with, 
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Distance Relay Protection for Subtrans 
mission Lines Made Economical 
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Synopsis: Less important transmission lines 
are usually protected with directional over¬ 
current relays. Much better protection and 
consequently improved service would be 
provided by modern high-speed distance 
relays but at several times the cost. What 
is required is a distance relay arrangement 
considerably less expensive than the relays 
now used on high-voltage transmission lines 
but with as nearly as possible the same 
characteristics. Such an arrangement is 
now available. The paper describes suc¬ 
cessful tests in the laboratory and on an 
actual system in this country with both 
natural and staged faults. 

The equipment consists of a single high¬ 
speed reactance relay which is enabled to 
protect all three phases by being automati¬ 
cally switched to the correct potential and 
current by a phase selector relay. 

L ESS important transmission lines are 
usually protected with directional 
overcurrent relays or induction disk-type 
impedance relays. On most of such sub¬ 
transmission circuits there are stations 
where, in order to obtain selectivity, the 
relays have to be set for perhaps two sec¬ 
onds, and occasionally selectivity between 
two relays cannot be obtained at all be¬ 
cause under one condition one relay has 
more current and under another condition 
the other has more. Better selectivity 
can be obtained with distance relays, but 
they are more expensive than overcurrent 
relays. 

The modem high-speed induction-cyl- 
inder-type reactance relay is extremely ac¬ 
curate and easy to set. It is more ex¬ 
pensive than either the overcurrent relay 
or the impedance relay of the induction - 
disk type, hence its use has generally been 
confined to high-voltage transmission 
lines. What is required for subtrans¬ 
mission lines is a relay with substantially 
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the characteristics of the high-speed re¬ 
actance relay at the price of the direc¬ 
tional overcurrent relay. Although this 
is not yet literally possible, a very good 
compromise can be obtained by using one 
reactance relay, instead of the usual three, 
and a selector relay to connect it to the 
proper currents and potentials. 

While, in general, stability is not the 
problem on subtransmission circuits that 
it is at the higher voltages, there are 
cases where it is desirable to obtain fast 
clearing times, such as on circuits between 
a large generating station and a load area; 
also, where a line may be burned down 
unless promptly cleared. In the arrange¬ 
ment to be described the selector relay 
operates in four cycles and the distance 
relay in one cycle for nearby faults making 
a total of 5 cycles on a 60 cycle system. 

It is seldom that more than one of the 
distance relays in the three phases oper¬ 
ates on a fault because only one of the 
line-to-line potentials is affected in line- 
to-line faults. In balanced three-phase 
faults all three relays may operate, but 
only one is necessary to effect tripping. 
Consequently, for less important trans¬ 
mission lines and those where one cycle 
relay operation is not required, it is per¬ 
missible to use a single distance relay and 
to connect it to the faulted phases by a 
selector relay. 

Compared with directional overcurrent 
relays for phase faults the new scheme 
is easier to apply and gives complete 
selectivity combined with high-speed 
tripping at only a moderate increase in 
cost. Compared with conventional dis¬ 
tance relays the new scheme effects a sav¬ 
ing in critical materials and labor, since 
one distance relay and an auxiliary relay 
replaces three distance relays. This in 
turn reduces investment, panel space, . 
and maintenance. 

Historical 

In 1934 a paper 3 was presented before 
the Institute describing different methods 
of controlling distance relays with selector 
relays so that one set of distance relays 
could take care of both phase and ground 
faults or one relay could protect three 
phases against either phase or ground 


faults. Later 72 induction-disk-type re¬ 
actance relays were installed, normally 
connected for phase faults, and with pro¬ 
vision for switching to wye potentials, 
and so forth, for ground faults. A re¬ 
port of satisfactory operation was re¬ 
ceived, and twenty-four more were in¬ 
stalled on the same system. 

Selector relay schemes were widely used 
in Europe, but they did not become 
popular in this country. One reason for 
this may have been that the distance 
measurement with the selector schemes 
then available was not as accurate as with 
the full set of relays, particularly on 
ground faults; another may have been 
that the minimum time was about half a 
second. It is the purpose of this paper to 
describe a modem arrangement of distance 
and selector relays in which the same selec¬ 
tivity and accuracy is obtained as with a 
full set of distance relays and the mini¬ 
mum time is 0.08 second. 

In one scheme a single distance relay 
protects against phase faults. In the 
other a single distance relay protects 
against ground faults. Both have been 
thoroughly tested in the laboratory, on 
the artificial transmission line, in life 
tests, and by staged faults on actual 
systems. Both are in service on lines in 
this country. 
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Figure 1. Schematic diagram for phase faults 

P1P2P3PN —Overcurrent fault detectors in the 
three phases and residual circuit 
^A 2 A a —Auxiliary relays controlled by 

PAP* 

HjHg—Current transfer relays. 01 and ft refer 
to their two sets of transfer contacts 
S and O—Starting and ohm units of the re¬ 
actance relay 

M —Relay for delaying tripping 0.025 second 
TiVJn Targets indicating circuit in¬ 
volved in fault 
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High-Speed Reactance Relay 


The relay provides three zones of opera¬ 
tion, giving the well-known stepped time- 
distance characteristic which has been de¬ 
scribed in previous papers. Faults up to 
90 per cent of the distance to the next 
station are cleared instantaneously; faults 
in the neighborhood of the next station 
are cleared after a delay sufficient to allow 
the proper breaker at that station to 
open; more remote faults are cleared in a 
still longer time. These three zones are 
adjustable in distance by means of an in¬ 
ternal tapped transformer; and all but the 
shortest range, which operates in about 
one cycle, are adjustable in time. 

Upon the occurrence of a fault in the 
tripping direction the relay operation is 
initiated by a directional impedance unit 
called the starting unit. The zone is de¬ 
cided by the ohm unit, which measures 
the reactance of the line between the relay 
and the fault, and the time is controlled 
by a clockwork timer, self-wound by a 
d-c solenoid. 

The starting and ohm units are of the 
induction-cylinder type which is well 
known for its efficiency and a steady 
torque. The ohm unit is accurate within 
plus or minus two per cent over a wide 
range of current and power factor. The 
use of reactance as a basis of distance 
measurement minimizes error caused by 
arc resistance which is particularly im¬ 
portant in ground faults. 

For phase faults the reactance relay is 
supplied with the potential between the 
faulted conductors and the vectorial dif¬ 
ference of the current flowing in them. 
With this excitation the relay will meas¬ 
ure the same distance for three-phase, 
phase-to-phase, and double-ground faults. 
For ground faults the reactance relay has 
the phase-to-neutral potential of the 
faulted conductor and the current in the 
conductor plus a predetermined portion of 
the residual current. With the proper 
amount of residual current the relay will 
measure substantially the same distance 
regardless of changes in system connec¬ 
tions. 

Protection Against Phase Faults 

A high-speed reactance relay is con¬ 
trolled by a selector relay. Figure 2 
shows the external appearance of these 
relays. 

The operating characteristics of the 
reactance relay are the same as those of 
the standard GCX relay except that 
shorter lines can be protected because the 
potential circuit is not continuously 
energized and hence can be short-time 
rated. 



Figure 2a (left). 
Selector relay for 
phase faults 


Figure 26 (right). 
Type GCX high¬ 
speed reactance 
relay tp 







The selector relay contains two cali¬ 
brated instantaneous overcurrent units 
(Pi and Pi in Figure 1) in phases 1 and 
3, which detect the fault and determine 
the phases involved. These overcurrent 
units control auxiliary relays Ai and Ai 
respectively which apply the line-to-line 
potential between the faulted phases to 
the restraining coils and the quadrature 
potential to the polarizing coil of the 
reactance relay. They also energize 
the proper current transfer relay, Hi or 
Hi, and set up the correct tripping cir- 
■ cuits for target indication. There are two 
smaller overcurrent units, P 2 and P N , in 
phase 2 and the residual circuit, which 
are for target indication. There are two 
current transfer units H\ and Hz which 
connect the current coils of the reactance 
relay to the current transformers of the 
faulted phases. The selector relay also 
contains a time-delay unit M which delays 
tripping slightly so as to ensure proper 
selection by the reactance relay unaffected 

Tabic I 
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by an external fault changing its char¬ 
acter. There are four targets marked 
phase 1, phase 2, phase 3, and ground. 

The currents and potentials supplied 
to the reactance relay are shown in Table I. 

The overcurrent units are of standard 
design and the current transfer units 
have high-pressure overlapping contacts 
which ensure that the current-transformer 
circuit will never be opened. 

Ground-Fault Protection 

The relays are similar to those used for 
phase faults, but wye potentials are used, 
and residual current is supplied to the 
second current coil instead of minus the 
current from the next lagging phase. 
Residual current is also supplied from any 
parallel lines in order to compensate for 
mutual coupling. 

The ground-reactance relay differs 
from the phase-reactance relay only in the 
addition of a capacitor to give the starting 
unit maximum torque with residual cur¬ 
rent 45 degrees lagging the residual po¬ 
tential. Figure 3 shows how the con¬ 
nections of the ground-selector relay 
differ from those of the phase-selector re¬ 
lay which was shown in Figure 1. 


01-02 or 0J-02-G 
02 03 or 02-03- G 
03—0i or 03-01—G, 
01-02-03. 


,. . . Eu . .. ./1-/2.. .. £23. 
. . . . Eu .... 72-/3. . . . Es 1 . 
. . . E13.... /1-/3.. . . £21. 

. . . . E13. . . . I \-~ Jz .... £21. 


..2Y P 

.. 2X P 

. .2 Ap 

,..2 X p 


* X T is the positive sequence reactance. 


Type of 
Fault 

E Restraint 
(Ohm Unit 
and Start¬ 
ing Unit) 

I 

X 

Measured 

0 i-G.. 

.£1. 

. . Ji+ KI rea ■ ■ 

. ■ - .2 Xp 

02 —G.. 

.£2. 

..I2+XW. 

.... 2X P 

03 -G.. 

.£3. 

. ./ 3 +A/tcb- 

■ 2X P 
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Figure 3. Schematic diagram for ground faults 

P\P'iP 3 Undervoltage fault detectors in the 
three phases 

AAy 4 .<—Auxiliary relays controlled by 

PAP, 

H1H0H1 —Current transfer relays 
PAR ,—Resistors 

TR 1 Wye-broken delta auxiliary potential 
transformer 

TR 2 Residual auxiliary current transformer 


Three undervoltage units energized 
with wye potential are used for detecting 
ground faults on systems grounded 
through impedance. Figure 5 shows how 
a single-phase ground fault on an imped¬ 
ance-grounded system displaces the neu¬ 
tral so that the faulted phase gets low 
voltage whereas the other two get above- 
normal voltage, so that the selection of the 
faulty phase is very definite. On solidly 
grounded systems either undervoltage or 
overcurrent fault detectors can be used, 
depending upon the distance from a 
grounding point. 

The undervoltage units are set to drop 
out at 90 per cent of normal potential. 
The reactance relay is normally de-ener¬ 
gized, when a fault occurs the under¬ 
voltage unit P in the faulted phase drops 


out energizing an auxiliary relay A and 
a current transfer relay H. The relay A 
seals around the contacts of P and applies 
the potential of that phase to the react¬ 
ance relay as shown in Figure 3 while the 
transfer unit IP connects the relay-current 
coils to the current transformer of the 
same phase, so that the relay is now ready 
to measure the distance to the fault. 
When the fault has been cleared and line 
voltage restored to normal, the P units 
pick up and short-circuit the coils of the 
PI and A units so that they reset. 

The reactance relay does not trip 
directly but through an auxiliary relay 
M with a slight time delay; this is in order 
to give the reactance relay a chance to 
reset if an external fault should change 
its character. For example, if an external 
single-phase fault should blow into a 
second phase, the reactance relay may 
close its contacts, because the additional 
current between the conductors may make 
the line reactance appear to be lower than 
the ohm unit setting. This condition will 
be very brief because the operation of the 
second current-transfer relay will by-pass 
the interphase current; the time-delay re¬ 
lay requires that the reactance-relay con¬ 
tacts remain closed for one cycle before 
it will trip the breaker; hence the react¬ 
ance-relay contacts will reset before the 
auxiliary relay can pick up and trip. 
During this double-ground fault condi¬ 
tion the selector relay supplied both cur¬ 
rent windings with residual current and 
the potential winding with the leading of 
the two wye potentials involved in the 
fault. This ensures underreaching on 
double-ground faults so that the relay 
acts only as a back-up for phase relays. 

The current coils of the reactance relay 
are all double-wound. One winding is 
supplied with residual current and the 
other with phase current controlled by the 
phase selector relay. The restraining 
potential coils of the ohm unit and start¬ 
ing unit have phase-to-neutral potential 
controlled by the selector relay. The - 



Figure 4. Selector relay for ground faults 

polarizing or directional potential coil of 
the starting unit has residual potential 
which is supplied by auxiliary potential 
transformers connected wye-broken delta. 
In order to obtain correct measurement 
the potential should be supplied by three 
potential transformers in wye-wye 
grounded on the high side. 

Targets 

lhe usual targets are provided in the 
reactance relay to indicate the zone or 
time of operation. In the selector relay 
for phase protection four targets are pro¬ 
vided for the three phases and ground. 

The selector relay for ground faults has 
three targets. A ground target is not 
necessary, because the relay does not 
work unless the fault involves ground. 


1.. 
o 
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.Washington 
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Table II 


Test 

Num- Fault 
ber Location 


Type 


Pault 


Location 


Phase 

Targets 


. Ilion. 

. Solid 

• Ilion. 

. Solid 

• Ilion. 

.Solid 

. Ilion. 

• Solid. 

. Ilion. 

. Solid. 

. Ilion. 

. Solid, 

. Ilion. 

. Solid. 

. Ilion. 

. Solid. 

. Ilion. 

. Solid. 

. Washington 
Street 

. Solid. 


Tests 

The tests were of three kinds: labora¬ 
tory tests, including life tests to check the 
effectiveness of the “switching”; tests < 



. Solid. 


-i setting 

.5% inside zone 1 setting. . 

' rtV% . i . nsi . de ZOne 1 settin S ■ • • * • • • ■ • 1-2-3 

- 1 . o% mside zone 1 setting (cur- 

1 r rent reversed in relay). — 

* 6 u . 0n outgoing side of bus (cur¬ 
rent reversed in relay). . 

. 1-2-3-G.On outgoing side of bus. . ' 
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operating 

experience on an actual transmission line. 

The point of greatest interest for most 
engineers is the idea of switching the cur¬ 
rent circuit. In the standard reactance 
relay, the potential and d-c circuits have 
been switched from zone 1 to zone 2 con- 
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SINGLE PHASE GROUND FAULT ON REACTANCE 
GROUNDED SYSTEM 



SINGLE PHASE GROUND FAULT ON SOLIDLY 
GROUNDED SYSTEM 

Figure 5. Vector diagram of ground fault 


nections for the last eight years without 
trouble, and it is actually easier to switch 
current than potential because the current 
transformer will provide a high enough 
potential to break down an insulating film 
on the contacts. With contacts of ade¬ 
quate size, overlap, and pressure, switch¬ 
ing current is no less reliable than Switch¬ 


Figure 6. Oscillo¬ 
grams of current 
transfer relay opera¬ 
tion 

The top trace is the 
current in the wind¬ 
ing of the current 
transformer. The 
middle trace is the 
current in the coil of 
the current transfer 
relay. The bottom 
trace is the voltage 
across the current 
windings of the re¬ 
actance relay and the 
contacts of the cur¬ 
rent transfer relay 




(a) I AMP (b) 5 AMPS 






(C) 40 AMPS 

ing potential, and the contacts require 
less maintenance. 

(a) . Laboratory Tests 

Oscillograms (Figure 0) taken at 1, 
5, 40, and 100 amperes showed smooth 
transition of current. The voltage across 
the contacts was negligible at the higher 
currents; at five amperes there was a 
peak of about three volts magnitude 
which lasted only about 0.00002 second. 
After a continuous life test of 5,000 opera¬ 
tions at 100 amperes, the contacts were 
still in good shape; oscillograms showed 
some peaks up to 11 volts, but of less 
than one millisecond duration. A life test 
of 500 operations with zero overlap 
marred the contacts but did not inter¬ 
fere with their operation. A further life 
test with V 32 -inch negative overlap, that 
is, break before make, caused pitting of 
the contacts, but no failure, although 
there was a large amount of energy in the 
arc because of 100 amperes flowing 
through V 32 inch of air. This was ob¬ 
viously worse than any possible condition 
of deteriorated adjustment, so it was felt 
that the design was very satisfactory. 

In all these life tests, the circuit was 
arranged to close 300 amperes on the a 
contacts for three seconds and then to 
transfer back to the b contacts at three 
amperes for 15 seconds. These conditions 
are very much more severe than any 
service duty because of the heat that is 
accumulated in the contacts. 

(b) . Artificial Transmission-Line 
Tests 

In these tests, the relay was applied to 
lines of different lengths, and the tap 
settings of the reactance relay for the 
borderline between zone 1 and zone 2 


(d) 100 AMPS 

operation were checked for different con¬ 
ditions of generator and load to see if any 
variations in balance point occurred which 
could be blamed on the selector relay. In 
addition, tests were made in which the 
type of fault was changed (for instance 
from phase 1-ground to phase 1-phase 2- 
ground) to determine if, during the transi¬ 
tion, any incorrect tripping would result 
from momentarily having the wrong po¬ 
tential or current 011 the distance meas¬ 
uring elements. Using all possible fault 
combinations it was impossible to cause 
incorrect operation. 

(c).'"S ystem Tests on Phase Relays 

The reactance and selector relays for 
phase faults were installed last year on 
the Washington Street-Uion line at the 
Washington Street substation on the 
44-kv system of the Central New York 
Power Corporation. This circuit has a 
calculated resistance of 7.37 ohms and a 
calculated reactance of 10.75 ohms, which 
corresponds to 1.61 ohms secondary re¬ 
actance. The relay measures 2X V which 
is 3.22 ohms; zone 1 (instantaneous) was 
set to reach ten per cent short of Ilion, 
2.86 ohms, and zone 2, 3.45 ohms. The 
time settings were one-half second and 
two seconds for zone 2 and zone 3. 

There have been two faults on this 
circuit during electrical storms. The first 
case of trouble was a one-wire-to-ground 
fault approximately 90 per cent of the 
distance from Washington Street to Ilion. 
The relays did not operate on this dis¬ 
turbance, which was correct. 

When the second fault occurred the re¬ 
lays operated and showed 1-2—3 -G and 
zone 1 targets, indicating that a fault 
had probably started two-wire-to-ground 
and then involved the third phase. The 
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Figure 7 (left). Single line diagram of test circuit for 
phase relays 
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Figure 8 (right). Single line dia¬ 
gram of test circuit for ground 
relays 
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fault was approximately 25 per cent of 
the distance from Washington Street to 
Ilion. A simultaneous three-phase-to- 
ground fault would not show a G target, 
because the fault current would be prac¬ 
tically balanced in the three phases and 
would give negligible residual current. 

Several cases of trouble have occurred 
on other circuits in the next bus section 
or in the bus section back of the relay 
where fault current was reversed in the 
relay and the relay scheme functioned cor¬ 
rectly; that is, did not operate. 

For the purpose of the tests a portion of 
the 44-kv system was reconnected tem¬ 
porarily as in Figure 7. The short-cir¬ 
cuit phase current was supplied by two 
15,000-kva, 110,000 wye to 44,000 delta, 
transformer banks connected to the 110,- 
000-volt system at the Deerfield sub¬ 
station in Utica. The calculated three- 
phase short circuit is 1,178 megavolt- 
amperes on the Deerfield 110-kv bus. 
Two grounding transformers, located at 
Harbor Point substation in Utica, sup¬ 
plied the ground current. 

Solid faults were placed on the Wash¬ 
ington Street-Ilion line between the line 
disconnect and the oil circuit-breaker at 
Ilion with the circuit de-energized. The 
faults were initiated on the system from 
the Washington Street 44,000-volt bus 
by closing the circuit breaker at the 
Washington end. The 44,000/110-volt 
potential transformers connected to this 
bus supplied potential to the relays and a 
PM -13 oscillograph. 

Instead of moving the fault location the 
relay setting was changed five per cent 


each way to simulate faults just inside 
and just outside of the instantaneous 
zone. See Table II. 

The relay potential in the last two 
tests was so low that indeterminate action 
was expected, but actually, in test 11 
the relay moved slowly toward the trip¬ 
ping contacts ajid would probably have 
tripped if the back-up relay had not 
tripped first. 

(d). System Tests on Ground Relays 

The relays were tested on the 22-kv sys¬ 
tem of the Duquesne Light Company 
near Pittsburgh. The principal purpose 
of this was to determine the effect of 
load current and ground resistance on the 
accuracy of ground-distance relays on a 
system grounded through a resistance of 
roughly ojie ohm per kilovolt. The re¬ 
sults of the tests will be published later 
when complete and edited. The present 
description of the tests will be limited to 
reference to the operation of the selector 
relay. 

The tests were made at the Ambridge 
station on the line to Sewickly where the 
faults were applied as shown in Figure 8. 
Sewickly was also fed from Phillips in the 
other direction via Coraopolis. Between 
each source of power and the fault 
was a voltage regulator so that the phase 
and magnitude of the current transfer 
could be accurately controlled over 360 
degrees range. The resistance of the 
faults at Sewickly was varied between 
zero and five ohms, and the balance 
points were found for various conditions 
to determine the effect of load in combina¬ 
tion with fault resistance. 

Oscillograms were taken of the phase 
current, the residual current, the phase 
potential, the residual potential, the cur¬ 
rent and potential supplied to the react¬ 
ance relay, and the tap current. For each 
condition, the setting of the- relay was 


calculated for the borderline between zone 
1 (instantaneous) and zone 2 (intermedi¬ 
ate time). If the relay tripped in zone 1, 
the potential tap setting was increased one 
or two taps until it showed a zone 2 target, 
and the balance point was therefore be¬ 
tween the tap which gave a zone 1 target 
and the tap that gave a zone 2 target. 

The balance point was checked with the 
selector operating normally and with its 
contacts held manually in the positions 
they would assume during the fault. In 
no case was there any difference between 
the balance points. 

Conclusions 

The combination of selector relay and 
distance relay thus provides the accuracy, 
selectivity, and ease of application of the 
GCX relay and for the first time makes 
distance relay protection economical for 
subtransmission lines where the expense 
of a full set of distance relays is not justi¬ 
fied, and five-cycle operation is satisfac¬ 
tory. 
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A Method for Correlating Duty-Cycle 
Tests on Solenoids 


During one operation of the solenoid, 
the total heat produced in the coil is then 




(9) 


J. E. RYAN 

NONMEMBER AIEE 


where (. A/N—T)Pcs is the heat produced 
while in the seated position. It follows 
that the average power in the coil is 


A SOLENOID is customarily rated in 
terms of the minimum pull exerted 
at any point within its rated stroke when 
a certain fraction of its nominal voltage is 
impressed on the coil. Furthermore, when 
full nominal voltage is applied continu¬ 
ously, the temperature rise of the coil 
must not exceed a certain value, depend¬ 
ing on the class of insulation used and the 
maximum ambient temperature. 

In many applications, however, sole¬ 
noids are not energized continuously but 
perform their function at more or less regu¬ 
lar intervals with rest periods between 
operations. With a-c solenoids operating 
on such a duty cycle, two influences are 
present, one tending to decrease the 
heating, the other tending to increase it. 
Because it is energized only a fraction of 
the time, the solenoid, with its plunger 
seated, develops less heat per second than 
when continuously energized. On the 
other hand, the power input during the 
brief time when the plunger is in motion is 
many times greater than when the latter 
is seated. The total energy thus expended 
at each operation depends on the load 
and the stroke. Thus, with a given load 
and stroke, it is possible to operate the 
solenoid at such intervals that the addi¬ 
tional energy expended during the pickup 
periods exactly compensates for the re¬ 
duced heating in the seated position. The 
coil temperature rise will then be the same 
as in the continuously energized case, and 
the solenoid may be considered as operat¬ 
ing at its full duty-cycle rating for the 
particular load, stroke, and per cent time 
energized in question. 

The relations between load, stroke, per 
cent time energized, operations per unit 
time, and temperature rise are best deter¬ 
mined experimentally, but the procedure 
is tedious if the operation frequency must 
be varied by trial on each test until the 
allowable temperature rise is reached. 
Moreover, the results are then applicable 
only in cases where that particular tem¬ 
perature rise limit is prescribed. With 
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the test and correlation method herein¬ 
after described, a minimum of tests pro¬ 
vide data from which the temperature rise 
under any combination of the operating 
variables may be predicted. 

The analysis underlying the correlation 
method is given first, followed by a de¬ 
scription of the test and correlation pro¬ 
cedure. The symbols used are defined in 
the appendix. 

Analysis 

The static pull curve of a typical a-c 
solenoid is shown in Figure 1. If the 
plunger starts its closing motion at a gap 
s, the kinetic energy possessed by the 


moving parts of the solenoid and its load 

at gap * will be 



a) 

E x = J (f-L)dx = — 

whence v= — 

T w 

(2) 

Since 



dt JA r= 

v Js v 12gJ , Ve x 

(3) 

which may be written as 
T=VwF l (L,s,x) ( 4 ) 

The heat input to the coil during the 
plunger travel is 



Figure 2 shows a typical relation between 
P c and x, taken from static tests. Actu¬ 
ally, when the plunger moves rapidly, 
P c may also be a function of those factors 
which affect the speed, namely, L, W, s, 
x. Then, using equation 4 in 5 



-(Hc-P'.'nN+PaA ( 10 ) 

Similarly, 

P i = (H t -P i8 T)N+P i ,A (11) 


These average power values may be 
related to the coil temperature rise by 
considering the equivalent thermal cir¬ 
cuit of the solenoid shown in Figure 3. 
If the thermal resistances are assumed in¬ 
dependent of temperature or temperature 
difference, it is evident that the tempera¬ 
ture at 0, representing the average condi¬ 
tion in the coil, will be a linear function of 
P c and "Pi of the form 

9 = F4(R ca , R c i, Ria)Pc~\r Fz(R ca > Pci> P-ia)Pi 

( 12 ) 

Actually, the various R s are not strictly 
constant even during a single operation of 
the solenoid. When the plunger is ex¬ 
tended, the inner surfaces of the coil and 
the plunger itself are more effectively 
cooled than when the latter is seated. If 
it can be assumed that the heat transfer 
through each of the resistances is im¬ 
proved by a factor (1+ATS) whenever the 
plunger is extended, the average resist¬ 
ances for a complete operation cycle are: 


Pea — 


Ret 


l+KiSa-A)’ 

Ria — 


Pci — 


R. 


■ci 


ci ~ 

Pia' 


1+XiS(1-j4) 


( 13 ) 


Hence equation 12 becomes 

[l+KiS(l-A)]e = F A (R ca ', Rd',Rta')Pc+__ 
F b (Rca', Rci',Pia')Pr 
-kcPc + hPi ( 14 ) 

Substituting equations 10 and 11 into 14 
there results 


Hc(L,W,s) 



P c (L, W, s,x)dFiX 
(, L,x,s ) 


( 6 ) 


[l-}-i?i‘S(l— A )]0 — [k c {H c P^T)- f- 

hiHi-PisT) ]N+ [kJcs+kiP^A 


where the integration limits are on the 
variable x. Hence 

H e (L, W, s) = VWF 2 (L, W, s) (7) 

Similarly 

H t (L, W, s ) = VWF 3 (L, W, s) (8) 

Ryan—Correlating Duty-Cycle Tests 


or 

F 6 (L, W,s)N+KtA 
l+KiS(l-A) 

K h F&, and K 2 may be determined as 
described in “Determination of Con¬ 
stants.” Having done this, 9 may be 
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Figure 1. Pull curve of a typical a-c solenoid 

evaluated from equation 15 for any com¬ 
bination of L, W, S, A , and N. 

Determination of Constants 

(A) . K* 

The solenoid is energized continuously 
at full voltage until steady temperature 
rise is attained. According to equation 
15, the coil rise 6 is then 

0-AV4-A (16) 

since A = 1.0 and iV=0 

(B) . F& and K\ 

Equation 15 may be written in the form 
[l+iTiS(l-A)]0-AVl = F 6 (L, W,s)N (17) 
which can be of the straight-line form 
y = nix 



Hunger gafj inches 

Fijure 2. Power input versus plunger gap for 
a typical a-c solenoid 
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Figure 3. Thermal circuit of an a-c solenoid 

if 

y=[l+AiS(l-A)]0-A 2 A 
x~N 

m = Fs(L, W, s) ( 18 ) 

Thus a plot of [1 +KiS(l-A)\Q-K 2 A 
versus N for experimental data taken at a 
fixed load and stroke should be a straight 
line of slope F 6 passing through origin. Such 
a plot is shown in Figure 4 with lines corre¬ 
sponding to three different values of F r> . 

In obtaining the data for any one line 
the solenoid is operated at full voltage 
with a certain load and stroke. For each 
of several values of A, tests are run at 
different cycling speeds until steady tem¬ 
peratures are reached. Then with K 2 
definitely known from the continuous heat 
run, and K\ tentatively assumed equal to 
zero, y may be worked out and plotted 
against N* 

If zero is the correct value of K h the 
data for different values of A will all have 
the same slope; if K x —0 is too low, 
the points for the lesser values of A will 
describe a line of slightly lower slope than 
the points for the higher values. At this 
juncture, various values of K x should be 
tried (usually less than 0.25) until diver¬ 
gence in the data is eliminated. Once 
determined, this same value of K x should 
cause data taken at other strokes and 
loads to correlate equally satisfactorily. 

Tests made at convenient fractions of 
full load are plotted in the manner of 
Figure 4. Thus F { „ becomes known, as a 
function of stroke, for each of several 
loads. Figure 5 shows the final arrange¬ 
ment of the data for an all-weight load. 

Adaptation to Mixed Weight and 
Spring Loads 

With mixed weight and spring loads, 
the F 6 values will be less than those of 
Figure 4. To determine them accurately, 
it would be necessary to run a complete 
set of tests for each of several spring- 
weight combinations, but a good approxi¬ 
mation can be deduced from the tests 
with all-weight loads as follows: Equation 
4 shows the_closing time to be propor¬ 
tional to y/W for a given total load and 
stroke. This, in turn, makes H c and II i 

Ryan Correlating Duty-Cycle Tests 



Figure 4. Data plot for determining the load- 
stroke function, Fo, of an a-c solenoid 


A —100 per cent stroke 
B — 70 per cent stroke 
C— 40 per cent stroke 
100 per cent rated load 


vary substantially as \''W* Following 
this through equations 10 and 11 to 15, 
it will be seen that ft is also proportional 
to y/W- Thus for a mixed load, the ft 
for an all-weight load of the same magni¬ 
tude should be multiplied by y/W/Lto ob¬ 
tain a proper value for use in equation 15. 

Advantages of the Method 

It has been shown that K 2 is determined 
from a single preliminary heat run and 



FRACTION OF FULL RATED STROKE 
Figure 5. Load-stroke function, F„, of an a-c 
solenoid with a purely weight load 
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that a proper Ki may be found from a few 
duty-cycle runs taken at various values of 
A and N while holding the load and 
stroke constant. Thereafter, one duty- 
cycle heat run will suffice to determine F§ 
for any one combination of L, W, and S, 
since a single experimental point and the 
origin can locate a line in Figure 4. How¬ 
ever, several points are desirable for each 
line in Figure 4 to minimize experimental 
error. Even so, the number of tests re¬ 
quired to completely cover all possible 
combinations of L, JV, S , A, and N is 
greatly reduced by the use of this correla¬ 
tion method. Furthermore, experimental 
errors are readily detected, and the ex¬ 
trapolation of the data beyond the scope 
of the investigation is made more certain. 

Applications Other Than 
A-C Solenoids 

D-c solenoids in which a relatively large 
current is allowed to flow for a brief time 
during the pickup period are often used to 
increase the work output for a given size. 
As the plunger is seated, a cutout switch 
or relay operates to insert resistance and 
reduce the current to a suitable continu¬ 
ous value. Since, as with a-c solenoids, it 
is difficult to compute the energy input 
during the closing period, the correlation 
method of this paper is useful in organizing 
the duty-cycle-heating data. 

In general, the method may be applied 
to any electrical device subjected to regu¬ 
lar heating cycles so long as the cycling 
period is substantially less than the ther¬ 
mal time constant of the device. It is 
particularly useful when there is a com¬ 
plex transient heating effect in each cycle. 

Appendix 

Symbols 

x = instantaneous plunger gap, inches 
.v *= total plunger stroke, inches 
S =fraction of full rated stroke 
/=instantaneous magnetic force parallel to 
plunger travel, pounds 
L = total load opposing magnetic force, 
pounds 

W —equivalent weight of moving parts, 
pounds* 

v = velocity of plunger, inches per second 
g = acceleration of gravity, inches per sec¬ 
ond squared 

JS = kinetic energy, inch-pounds 
/ — time from start of plunger motion, sec¬ 
onds 

T = total plunger motion time, seconds 
P — power input, watts 
H- energy input during closing period, 
watt-seconds 


Synopsis: Now that excitation character¬ 
istics are being made available to the applica¬ 
tion engineer, it has become increasingly 
important that a simple accurate calculation 
method be used to determine the errors. 
"Inpliase addition" has all the advantages of 
simplicity, and, under careful analysis, it is 
apparent that over the normal ranges in¬ 
volved, the more complicated procedure of 
vector addition is not warranted. This 
simple method has been extended to cover 
complete curve drawing from only one cal¬ 
culation by a graphical process. 

I N the past, characteristics of bushing 
current transformers have been pre¬ 
sented in the form of curves of true ratio 
versus primary current for a variety of 
different burdens and power factors. Such 
curves were obtained by tests on the ac¬ 
tual transformers and were the only data 
available to the application engineer. 
The art of calculating current-transformer 
characteristics from excitation curve data 
has been known for some time; 1 ' 2 only 
recently, however, has popular attention 
been focused upon it as a method 3 * 4 for 

Paper 43-110, recommended by the ATEE com¬ 
mittees on protective devices and instruments and 
measurements for presentation at the AIEE na¬ 
tional technical meeting, Cleveland, Ohio, June 
21-25, 1943. Manuscript submitted April 19, 
1943; made available for printing May 18, 1943. 

S. D. Moreton is engineer in the relay section of 
the General Electric Company, Philadelphia, Pa. 

The author wishes to acknowledge the assistance of 
his associates for their constructive criticism, in 
particular, W. F. Skeats for his comments on the 
mathematical proof of the graphical method and 
his suggestions for a simplified presentation of the 
primary current. 


A = fraction of time solenoid is energized 
N —operations per second 
R =heat flow resistance, degrees C per watt 
0 = coil temperature rise above ambient, 
degrees C 

K , k denote constants. 

F denotes a function, the independent vari¬ 
ables of which are given in the parentheses 
following the symbol. 

Bars above quantities indicate average 
values. 

Prime superscripts on R’s refer to thermal 
resistances existing when the plunger is 
seated. 


determining the transformer errors of a 
particular application. With this in mind, 
the American Standards Association 
standards have been written to foster a 
calculation method, 5 although no specific 
method was decided upon. 

It has been realized that such a radical 
change in application procedure might 
well result in difficulties unless the method 
was reasonably easy to use, and it has, 
therefore, been suggested that the errors 
introduced by the relatively simple 
method of inphase addition be investi¬ 
gated more fully. The conclusion was 
reached that this method was the prac¬ 
tical answer. These errors are best shown 
graphically, as in Figure 1, which gives a 
comparison of calculated results for three 
of the ratios of a 600/5 multiratio bushing 
current transformer with a two-ohm bur¬ 
den at 90 per cent power factor and 50 
per cent power factor, as well as inphase 
addition. It is immediately apparent that 
the errors introduced by disregarding the 
angular difference between the secondary 
current and the exciting current are small 
for the normal range of relay burden 
power factors. 

Conclusion 

When all the variable factors are taken 
into consideration, as discussed under 
"Accuracy Factors,” it is evident that the 
errors introduced by inphase addition are 
a relatively small part of the total pos- 


Sub scripts 

x refers to instantaneous position oF 
plunger. 

s refers to sealed position of plunger. 

c refers to coil. 

i refers to iron. 

ca refers to coil to ambient air. 

ci refers to coil to iron. 

ia refers o iron to ambien air. 

* An element of mass AM' in an associated mecha¬ 
nism may be represented by an equivalent mass 
AM attached directly to the plunger if 

A M=AM'^y 

where v' is the velocity of AM' when the plunger 
velocity is v. 
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sible variation, and thus, from the stand¬ 
point of the application engineer, inphase 
addition is justifiable for the normal 
range of burden power factors. This is 
particularly evident by a comparison of 
Figures 1 and 8. 

Calculating Theory 

Basically, the relationship between 
secondary ampere turns, exciting ampere 
turns, and primary ampere turns is a 
vectorial one, where the calculations are 
based on the equivalent circuit of Figure 
2. The most time-consuming part of the 
calculations is the vector addition, 
whether it is performed mathematically, 
graphically, or by vector charts. By con¬ 
sidering this vector relationship as a 
scalar relationship much of the work is 
avoided. 

Calculating Procedure for 
Determining Ratio Correction 
Factor 


The calculation procedure for inphase 
addition is based on the equivalent circuit 
of Figure 3, with steps and formulas as 
follows: 

1. Compute the necessary secondary volt¬ 
age to force the desired secondary current 
through the total burden, as: E=IZ. 

2. ^ Find the secondary exciting current re¬ 
quired to produce this secondary voltage 
from the excitation curve, see Figure 4 . 

3. Add this secondary exciting current 
arithmetically to the secondary current and 
multiply by the number of secondary turns 
to obtain the primary current, as: I„ = 

N(Ie+I,). 

The ratio correction factor (RCF) may 
be defined as the ratio of primary ampere 
turns to secondary ampere turns. In a 
bushing current transformer, the primary 
winding has one turn, therefore: 


RCF=^~ 

NI S 


(4) 


RCF=- 


We+h) 


= 1 +I,/I, 


and this may be found without passing 
through step 3. 


Calculating Procedure for 
Determining Phase Angle 


In those applications that involve the 
comparison of two currents or a current 
and a voltage, it might be desirable to 
determine the phase-angle error of the 
current transformer. It may be found by 
an extension of the method of inphase 
addition and by the use of the phase-angle 
chart, Figure 5. Excitation characteris- 


Figure 1. Calculated ratio 

characteristics; two ohm burden 

-Inphase addition 

— . — 90 p er cen t power 

Factor 

- 50 per cent power 

factor 



tics are required that give not only the 
total exciting current but also the lagging 
excitation phase angle between the excit¬ 
ing current and the secondary voltage. 
Figure 6 is typical of this type data and is 
presented on a per-turn basis. 

The chart is entered at a per-unit excit¬ 
ing current, I e /I s , of equation 5, which 
could be rewritten as: 

RCF—l~I e /I s (6) 

The phase-angle error is read off directly, 
using the curve that corresponds to the 
“difference angle/' equal to the burden 
phase angle minus the excitation phase 
angle ( 8 s —a e ). The phase-angle error is 
positive when the difference angle is posi¬ 
tive. 

Accuracy Factors 

Factors which influence the accuracy of 
the calculated results are variations of 
excitation characteristics of the current 
transformer from the typical curve values 
and variations in the magnitude of the 
burden. 

The excitation requirements of elec¬ 
trical iron are not only a function of the 
size and shape of the core but also a func¬ 
tion of the amount and kind of impurities, 
the type of rolling process used, the 



Figure 2 


(a) . Exact equivalent circuit 

(b) . Vector diagram of (a) 


annealing temperature and subsequent 
cooling, as well as the previous magnetic 
history. Some of these factors are very 
difficult to control, with the result that the 
final characteristic, as published by the 
manufacturer in the form of a typical 
excitation curve, is, of necessity, only an 
average curve. All of the factors lumped 
together and controlled with the. usual 
manufacturing tolerances can well result 
in a variation as great as plus or minus 
50 per cent in the total exciting current at 
any one particular flux density for various 
lots of iron. By more rigid control and 
selective choice of the iron by sampling- 
processes, this can be reduced to plus or 
minus 25 per cent; see Figure 7 for a 
typical band curve. Even this variation 
would seem to be intolerable, were it not 
for the fact that this represents a varia¬ 
tion of the ratio error of the transformer 
and not of the true ratio. In the majority 
of applications, where the maximum de¬ 
sirable RCF is less than 1.1, and where the 
transformer is operating below the knee 
of the excitation curve, the maximum 
possible variation will be plus or minus 
25 per cent of this ten per cent error, or 
plus or minus 2.5 per cent in the RCF; 
see Figure 8 for a typical band curve. 

The use of a calculating method for the 
determination of bushing-current-trans- 
former characteristics requires a knowl¬ 
edge of the magnitude of the burden 
which, in most instances, consists of re¬ 
lays that have iron cores, and thus have 



Figure 3 


(a) . Approximate equivalent circuit 

(b) . Scalar diagram of (a) 
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Figure 4 (left). Sec¬ 
ondary excitation 
characteristic 600/5 
multiratio bushing 
current transformer 


Figure 5 (right). 
Phase-angle error 
chart 





PERCENT RATED SECONDARY CURRENT 


Figure 8 (left). Band-ratio 
characteristic on three ratios of 
a 600/5 multiratio transformer 


Figure 9 (right). Burden char¬ 
acteristic of time overcurrent 
relay on 1.5 ampere tap 



overcurrent relay of Figure 9 and the 
transformer shown in Figure 4. 


inherently nonlinear impedances. Fortu¬ 
nately, the majority of relays have mag¬ 
netic circuits which contain series air gaps 
so that the main part of the exciting cur¬ 
rent is required to establish the air-gap 
flux, and thus, large variations in exciting 
current of the iron core present only small 
variations in burden between units. 
♦Therefore, relays have relatively con¬ 
stant burden characteristics up to the 
point of iron saturation. Beyond this 
point, the reactance component of the 
burden is inversely proportional, approxi¬ 
mately, to the current so that the current 
transformer will hold up to a higher value 
of primary current if burden saturation 


occurs before current transformer satura¬ 
tion. Typical burden values of relays are 
published by the manufacturer and are 
usually measured at the pickup current of 
the relay. If they are of the type that 
depends upon saturation to obtain its 
characteristics, such as a time over current 
relay, the application engineer would re¬ 
quire burden characteristics, such as 
shown in Figure 9, to make a thorough 
analysis. Thus, it seems inevitable that 
as the art of calculation becomes more 
widespread, the application engineer will 
require more complete information; see 
Figure 10 for a calculated RCF curve, 
based on composite characteristics of the 


Graphical Method 

When the ratio errors are desired for a 
range of primary current values for a 
multiratio transformer, the labor at cal¬ 
culation becomes tremendous, even with 
the simplification of inphase addition. To 
reduce this work, a graphical method has 
been developed, which eliminates the 
point-by-point method of curve drawing 
and permits a complete characteristic to 
be drawn from one calculation by the use 
of a master template, Figure 11. 

Note that the shape of this template is 
a function of the type of iron and the size 
of the log-log co-ordinate paper only. 
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Figure 10. Calculated ratio 
characteristic, 600/5 multiratio 
bushing current transformer 

2.5 ohm burden 
time overcurrent relay 
burden on 1.5 ampere tap 
( 2.5 ohms at pickup) 


The derivation of the method and the 
development of the shape of the template 
are given in the appendix. 

The co-ordinate paper, Figure 12, has 
scales of RCF versus per cent secondary 
current (dotted lines) and per cent pri- 
mary current (solid lines). Thus, one is 
able to find the RCF for a given primary 
current, the RCF for a given secondary 
current, or the secondary current in terms 
of the primary current directly. Hereto¬ 
fore, when it was desired to determine the 
secondary current from a known primary 
current, it was necessary to make several 
calculations, using the ratio curves until 
formula 4 was satisfied. 

Graphical Procedure for 
Determining RCF 

The calculation procedure for this 
graphical method is: 

1. Use formulas 7 and 8 to determine the 
per cent secondary current and the RCF 
that corresponds to the reference point P of 
the template for the particular burden and 
tap of the transformer involved. 

2. Locate this point on the co-ordinate 
paper. 

3. Set the template with its reference point 
on the corresponding point of the co-ordi¬ 
nate paper and line it up horizontally. 



Figure 11. RCF template 


4. Draw the complete characteristic curve, 
using the template as a guide. 

The formulas required to determine this 
guide point of maximum permeability, P } 
are: 

%Is = C(N/Z) (7) 

RCF=1+D/(N%Is) (8) 

where C and D are constants of the particu¬ 
lar transformer involved and are func¬ 
tions of the shape and type of iron in the 
core, as well as the frequency. The con¬ 
stants C and D may be determined di¬ 
rectly from the excitation curve. 

Graphical Procedure for 
Determining Phase-Angle Errors 

Where it is desirable to determine the 
phase-angle error of the current trans¬ 


former, it may be obtained as a part of the 
graphical process by the use of Figure 5 
entering at a per-unit exciting current 
equal to RCF— 1 of Figure 12 and at a 
difference angle equal to the total burden 
phase angle minus the exciting current 
phase angle, as obtained from the tem¬ 
plate of Figure 13 when located on the 
co-ordinate paper according to step 3. 

Summary 

1. Ratio errors of bushing current trans¬ 
formers may be calculated by inphase addi¬ 
tion with acceptable accuracy. 

2. Phase-angle errors may be calculated 
with little extra effort. 

3 ; A complete analysis of a relay applica¬ 
tion requires a knowledge of the relay im¬ 
pedance for all values of current. 

4. Ratio-characteristic curves may be 
drawn with a minimum amount of labor by 
the use of a template method. 





Figure 12. Calculated ratio 
characteristic, 600/5 multiratio 
bushing current transformer 


5. The use of special co-ordinate paper pre¬ 
sents an ideal way to give ratio character¬ 
istics. 


Appendix 

Graphical Theory 

Excitation Curve 

Fundamentally the theory is based on the 
fact that the a-c excitation characteristics of 
electrical iron may be expressed mathe¬ 
matically as: 

NIe/l=h(E/NA,f) = U^ A ,f^ ( 9 ) 

or 

(i)-'■(!) <»> 
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lor any one particular frequency. This 
equation is in the form of: 

Py-mr) ( 11 ) 

and hence, if plotted on log-log paper with 
the exciting current as abscissa and the 
secondary voltage as ordinate, it represents 
a family of curves all of which have the same 
shape. Consequently one template, Figure 
14, whose shape is determined solely by the 
magnetic properties of the iron and the 
co-ordinate paper can be used as a guide 
for drawing all curves of the family if 
one reference point, P, is marked on the 
template and is specified for each curve. It 
is convenient to select this reference point 
at an excitation corresponding to maximum 
permeability of the iron, which is the point 
on the excitation characteristic that is tan¬ 
gent to a 45-degree line and has an ordinate 
value of J and an abscissa value of K. The 
co-ordinates of the reference point on the 
log-log paper are: 

E = JNA (12) 

I e = Kl/N (13) 

The constants J and K are functions of the 
primary-current frequency and the type of 
iron in the core only. 

If the template is set with its reference 
point on the co-ordinate point and it is 
lined up with the axis, curves for any value 
of secondary turns may be drawn with the 
template as a guide. The ordinate of the 
template is proportional to the secondary 
voltage and from an inspection of equation 
10 it is apparent that it is also proportional 
to the flux density since 

E/NA =4.44.B m , lx ./X 10~ 8 (14) 


RCF Curves 


Formula 10 may be expressed as: 

(niXna^na fziA 
\ i ) zi s zi s ~\na) 

or 


(15) 


NfA I. _ (ZlA 
IZ I s HW 


(16) 


Substituting for I e /Is from equation 6 the 
following is obtained: 

Equation 17 is also of the form of equatioii 11 
and consequently represents a family of 
curves, when drawn on log-log paper, having 
scales of {RCF— 1) versus I s , all of which can 
be drawn using a single template as a guide 
by setting the reference point, P, of the 
template, /Figure 11, on the co-ordinates 


given by equations 12 and 13. It will be 
found more convenient to use equation 12 
combined with equation 1 as: 


JNA 

Z 


(18) 


and equation 13 combined with equation 6 
as: 


I e 

RCF-1 =- 
1 $ 


IQ 

NI S 


(19) 


Equations 18 and 19 can be converted to 
read in terms of per cent secondary current, 
%I S (based on five amperes as 100 per cent) 
as: 


%/,= 


20 JNA 
Z 



( 20 ) 


RCF - 1 -mr.- Din, ‘ m 

where 

C=20 JA (22) 

D = 20 IQ (23) 

Here again it should be noted that the 
shape of the template of equation 17 is a 
function solely of the magnetic properties of 
tlie iron and the co-ordinate paper. 

To convert this curve of {RCF— 1) versus 
per cent secondary current, the dotted co¬ 
ordinate lines of Figure 12, to {RCF— 1) 
versus per cent primary current it has been 
found most convenient to operate on the 
per cent secondary current scale itself by 
equation 6, where I e /I s represents the ratio 
error in per-unit values. Thus every co¬ 
ordinate value of {RCF—l) and per cent 
secondary current has a corresponding co¬ 
ordinate value of {RCF— 1) and per cent 
primary current according to the equation: 


%I V = 100 {RCF— 1) + %I S (24) 


which gives the resulting per cent primary 
current scale of solid co-ordinate lines in 
Figure 12. 

For convenience in reading the numbers 
of the (RCF— 1) or ordinate scale they may 
be written as {RCF— 1)+1 or RCF without 
changing either the shape of the template or 
the shape of the co-ordinates since equation 
4 can be expressed as: 


RCF= %I v /%h „ (25) 

which is equivalent to equation 24. 


Phase-Angle Curves 

The abscissa of the RCF template is pro¬ 
portional to secondary voltage by equation 
17, it is therefore proportional to the flux 
density by equation 14, and thus it is also 


proportional to the excitation phase angle 
of the iron, see Figure 6. Therefore the RCF 
template may be marked off in degrees of 
phase angle of the exciting current as in 
Figure 13, where the markings on the tem¬ 
plate are a function of the type of iron and 
the frequency only. The phase-angle error 
can be determined most easily by the use of 
a simplification of the vector charts follow¬ 
ing the procedure outlined earlier. 


Glossary 

E —Induced secondary voltage. 

N —Number of secondary turns. 

A —'Cross-sectional area of magnetic cir¬ 
cuit. 

/—Mean length of magnetic circuit. 

I s —Secondary current. 

%I S —Secondary current in per cent based 
on five amperes {%I S — 20/ s ). 

Z —Total secondary burden. 

I e —Excitation current based on second¬ 
ary. 

I p —Primary current. 

%I V —Primary current in per cent based on 
tap and five amperes in secondary 
circuit. 

6 S —Phase angle of total secondary burden 
Z. 

a e —Phase angle of exciting current. 

/3—Phase angle error of current trans¬ 
former. 

/—Frequency of supply in cycles per 
second. 

P max-—Crest flux density in the core. 
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Report on Application of Lightning 
Protective Devices in Wartime 


AIEE LIGHTNING ARRESTER SUBCOMMITTEE 


Preface: The present war emergency re- 
quires that the maximum use be made of 
existing equipment and systems and that a 
minimum of critical material be used for 
new equipment. 

This publication and other guides and 
reports in this series have been prepared for 
the information of users during the war 
emergency. Upon termination of the war 
emergency they will be reconsidered by the 
standards committee and the committees 
which prepared them, and will be approved, 
revised for normal use, or rescinded. 

This procedure is being followed in prefer¬ 
ence to the preparation of special emergency 
standards which might involve redesigning 
and drastic changes in manufacturing prac¬ 
tices. These guides will accomplish the 
maximum conservation of critical materials, 
since they provide for the maximum use of 
existing equipment and systems, as well as 
new equipment, without changing the 
fundamental basis on which the present 
standards have been prepared. 


I* Purpose and Scope 

THE object of this report is to show 
■ how critical materials can be con¬ 
served in the application and use of 
lightning arresters to meet the wartime 
requirements of our country. This ob¬ 
jective may be accomplished in two ways: 


This type of study applies to both new 
and existing installations. 

II- Suggestions for Saving 
Critical Material 

The suggestions presented and dis¬ 
cussed hereinafter are backed in most 
cases by successful operating experience. 
The experience record, however, does not 
pretend to be all inclusive as it has not 
been expedient to survey thoroughly the 
entire field throughout the country to ob¬ 
tain and analyze detailed records. Where 
diverse views of committee members have 
existed, this situation is pointed out. 

1* Applying arresters on basis of voltage 
rating. 

2. Rebuilding and revamping old arresters. 

3. Short connections between arresters and 
equipment. 

4. Line-type arresters in place of station - 
type. 

5. Protection of equipment not already 
protected, 

6. Protective devices other than arresters. 

7. Shielding of stations. 

8. Tests and maintenance of arresters. 


1. By making greatest use of protective 
devices. This refers to rebuilding of old 
arresters and applying new arresters close 
to their maximum capability, thereby re¬ 
ducing the content of critical materials in 
the arresters themselves. 

2. By proper use and maintenance of pro¬ 
tective devices, failures from lightning of 
important machines and equipment which 
would require large amounts of critical 
materials and man-hours to replace can be 
minimized, thereby maintaining a high de¬ 
gree of service to important war loads. 

_ is n °t to be implied that the sugges¬ 
tions contained in this report are the 
only means worth-while in attempting to 
save critical materials, nor that they are 
recommended as expedient in all cases. 
It should be clearly understood that local 
conditions, service requirements, and 
many other such factors may have to be 
considered before reaching a decision as 
to whether or not it is advisable to use 
one or more of the proposed schemes. 

The importance of a check up and study 
on existing systems of overvoltage pro¬ 
tection against lightning to obtain better 
protection cannot be overemphasized. 


The eight suggestions are discussed in 
order. 


1. Applying Arresters on Basis of 
Voltage Rating 


_is generally recognized that a light¬ 
ning arrester has a maximum normal 
frequency (60-cycle) voltage rating just 
as any other piece of equipment like a 
transformer, breaker, or disconnecting 
switch. Although tolerances of over- 
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This report was prepared by the AIEE lightning 
arrester subcommittee of the committee on pro¬ 
tective devices for the purpose of making essential 
information immediately available to war indus¬ 
tries, thus furthering the conservation of valuable 
material for the war emergency. It is educational 
and m no way mandatory. It is not intended as a 
Standard," and has not been formally approved 
by the standards committee or the board of 
directors. 


voltage for these latter types of equip¬ 
ment are specified in standards, they are 
undoubtedly often exceeded in service. 
The arrester differs from other tvpes of ap¬ 
paratus in one respect, namely, that its 
maximum voltage rating should not be 
exceeded under any operating condition; 
otherwise, the arrester may be severely 
damaged. The use of an arrester on a 
system where the line-to-ground voltage 
exceeds the arrester rating, even for a few 
cycles, may well be viewed with concern. 
If arrester failure occurs because of ab¬ 
normal system overvoltage, it is very 
likely that the arrester has been misap¬ 
plied. 

In general, arresters listed in the manu¬ 
facturers’ catalogs for nongrounded neu¬ 
tral systems have a maximum rating of 
approximately five per cent above line-to- 
line system voltage and those applied to 
effectively grounded neutral systems have 
a factor of safety of approximately 40 per 
cent above system leg voltage (80 per 
cent of the line-to-line voltage). 

In cases where the ungrounded neutral 
arrester has been used on a grounded 
neutral system, a saving may be effected 
by using the grounded neutral arrester, 
provided the system neutral is grounded 
effectively. Also, there are certain cases 
where an accurate calculation of the 
system overvoltage on grounded neutral 
systems has resulted in application of ar¬ 
resters having a lower rating than the 
general manufacturer’s guide for the selec¬ 
tion of arresters indicates. 

For example, on one particular system 
rated 132-kv grounded neutral, an ar¬ 
rester having a maximum line-to-ground 
rating of 109 kv has been used success¬ 
fully. In this particular case the use of a 
lower arrester rating has resulted in the 
use of power equipment with lower insula¬ 
tion (115-kv class insulation instead of 
138-kv class which would normally have 
been required). In this connection, it 
should be realized that the lower the rat¬ 
ing of arrester used, the greater the degree 
of lightning protection to the equipment, 
but on the other hand, there is less factor 
of safety in the arrester. 

2. Rebuilding and Revamping 
Old Arresters 

Another factor to be considered is the 
savings of materials possible by rebuild¬ 
ing or revamping old type arresters. 
Several companies have reported that 
they have been doing work along these 
lines for some time. In the case of oxide- 
film arresters which were extensively used 
in the past, it is general practice in a num¬ 
ber of companies to reduce the number of 
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cells in existing arresters which, in effect, 
means reducing the arrester rating to 
match more nearly anticipated normal 
frequency overvoltage conditions of the 
circuit where they are used. The prin¬ 
ciple involved has been discussed. Like¬ 
wise, the changing of four-leg oxide-film 
arresters to the three-leg type has been 
an accepted practice for some time with 
outstanding success from the viewpoint 
of added protection and absence of ar¬ 
rester failure. Of course, in such cases 
the GO-cycle maximum rating of the re¬ 
maining three legs must be checked 
against the system overvoltage under 
fault conditions. In some cases where 
the three-leg 60-cycle rating was too low, 
part of the fourth leg was left in service 
to supply the deficiency. 

Successful rebuilding of mica-spaced 
and open-gap auto-valve arresters has 
also been reported. The rebuilding of old 
arresters supplies added protection to 
equipment' where they are installed by 
lowering the protected level and also may 
make available some of the material re¬ 
moved for other arrester locations or 
spare parts. The rebuilding of even ob¬ 
solete arresters may in some cases be 
warranted, if new arresters are not avail¬ 
able. The added protection of rebuilding 
obsolete arresters may in some cases be 
justified, although the protected level 
may be higher than would ordinarily be 
desired. 

3. Short Connections Between 
Arresters and Equipment 

The desirability of having short con¬ 
nections between the arrester and the 
equipment it is to protect has been dis¬ 
cussed extensively in technical literature 
in the recent past. It probably does not 
require further amplification here. It is 
well known by theory and test that while 
the arrester may hold a given voltage at 
its own terminals, this voltage may be 
quite different at the terminals of pro¬ 
tected equipment if long leads intervene 
to the lightning arrester. Even in dis¬ 
tances of 25 to 50 feet, on steep front 
surges, it is generally recognized that the 
voltage at the equipment may be in¬ 
creased appreciably by virtue of the lead 
length. 

The importance of considering this 
factor is evident for two reasons: first, 
less protection is supplied to equipment 
already in service where lead length is 
considerable. This is, of course, equally 
true of new installations of protective 
equipment. Second, there may be some 
saved or salvaged copper by proper con¬ 
sideration of this lead-length feature. 


Another saving which can be effected in 
copper conductor is that of using sub¬ 
stantial structural work in stations such 
as columns, trusses, and so forth, for part 
of the lightning discharge path to ground. 
In many cases in the past, common prac¬ 
tice has been to extend separate ground¬ 
ing leads from the ground end of the 
arrester to ground, even though the main 
structural part of the station was elec¬ 
trically tied into the grounding system. 
This extra refinement, it is felt, under 
wartime emergency conditions, is not 
necessary and probably results in very 
little, if any, increased protection by 
adding the ground lead from the arrester 
to the equipment where a suitable and 
substantial steel structure or network 
already exists. 

4. Line-Type Arresters in Place of 
Station-Type 

In the installation of new equipment, 
it often is possible to maintain sufficient 
margin between the distribulion-type- 
arrester characteristic and the insula¬ 
tion strength of present-day equipment. 
Where old equipment only is involved, it 
is doubtful whether the substitution is 
worth while, and in fact, it may often be 
found that the protective level supplied 
by even modem station arresters is un¬ 
duly high so that the use of line-type ar¬ 
resters cannot even be considered. 

Several successful applications of line- 
type arresters on new equipment have 
been made with satisfactory operating 
experience. It should be pointed out, 
however, that many of the applications 
coming under this classification result 
more often in economies than in a ma¬ 
terial reduction in the use of critical ma¬ 
terial or in saving of manpower. 

5. Protection of Equipment Not 
Already Protected 

Secondary savings considerably greater 
than cost of applying lightning arrester 
protection are usually possible in cases 
where equipment is not now protected. 
It is not the intention of the committee 
to recommend that all equipment not now 
protected should be immediately supplied 
with arrester protection, but there are 
undoubtedly existing installations and 
new ones being made where the expendi¬ 
ture of a small amount of critical mate¬ 
rial in lightning arresters may produce 
large secondary savings by preventing 
failures of important equipment. This 
feature is pointed out as one worth con¬ 
sidering and studying in individual ap¬ 
plications. The decision reached will be 


influenced by many factors such as ex¬ 
posure of equipment to lightning, its im¬ 
portance in service, the possibility of re¬ 
placement, cost and time of replacement, 
and similar factors. 

6. Protective Devices Other 
Than Arresters 

While the lightning arrester has been 
mentioned frequently in this report, the 
general features of application of over¬ 
voltage protective devices considered here 
apply in most cases to other protective 
equipment such as rod gaps, shielded 
gaps, De-ion gaps, and similar devices. 
Where to use one in preference to another 
is entirely outside the scope of this report 
to recommend, However, it is suggested 
that careful consideration be given in the 
application of any protective devices to 
insure that a suitable margin between 
the voltage level held and the strength 
of the equipment be maintained. It 
should be pointed out, however, that all 
of these devices mentioned have been 
reported by some users as giving success¬ 
ful and satisfactory service within their 
scope of application. 

7. Shielding of Stations 

Where a large amount of equipment is 
placed in one location such as at major 
stations, the general practice in recent 
years has been to supply adequate shield¬ 
ing from lightning by the use of elevated 
ground wires, or ground networks, and 
even in some cases, by individual lightning 
rods shielding equipment. While such 
protection requires the use of some criti¬ 
cal material, it may well be considered 
from the point of view of spending a 
relatively small amount of critical ma¬ 
terial for shielding to prevent damage 
to equipment having a much larger 
amount, the replacement of which would 
probably necessitate an expenditure of 
critical material and manpower. 

8. Tests and Maintenance of 
Arresters 

In §o far as the arrester itself is con¬ 
cerned, it is suggested that special con¬ 
sideration be given to testing arresters 
wherever possible and feasible, to insure 
that they are in the best of condition to, 
perform their expected functions. Several 
years ago recommendations were made by 
the AIEE lighning arrester subcommittee 
on methods of testing some types of ar¬ 
resters. Since that time, a large number 
of arresters have been tested, and other 
methods of test or refinements have been 
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Preface: The present war emergency re¬ 
quires that the maximum use be made of 
existing equipment and systems and that a 
minimum of critical material be used for 
new equipment. 

This publication, and other guides and ' 
reports in this series, have been prepared 
for the information of users during the war 
emergency. Upon termination of the war 
emergency they will be reconsidered by the 
standards committee and the committees 
which prepared them, and will be approved, 
revised for normal use, or rescinded. 

This procedure is being followed in prefer¬ 
ence to the preparation of special emergency 
standards which might involve redesigning 
and drastic changes in manufacturing prac¬ 
tices, These guides will accomplish the 
maximum conservation of critical materials, 
since they provide for the maximum use of 
existing equipment and systems, as well as 
new equipment without changing the 
fundamental basis on which the present 
standards have been prepared. 


PRESENT restrictions in the use of 
■ materials and sharp increases in loads 
may make it necessary to load existing 
lines to the thermal capacity of the con¬ 
ductors. The purpose of this report is to 
call attention to the limiting factors and 
the information available from which to 
evaluate the limits. 

The problem divides itself into two 
parts, the temperature at which the con¬ 
ductor may be operated without impair¬ 
ing its strength or destroying its covering, 
and the temperature the conductor will 
attain for a given current density under 
any given conditions. Neither of these 


can be calculated with any degree of pre¬ 
cision, and the probable error must be 
duly considered in establishing emergency 
ratings for any conductors. 

I. Permissible Temperatures 

A. Loss OF Strength Caused By 
Annealing 

The annealing point of the softer metals 
hardened by cold working, is not very 
definite. Variations are introduced by 
impurities and by the amount and rate of 
cold working. Time is also an important 
factor, and it is not definitely known if ef¬ 
fects of intermittent heating are directly 
additive or not. 

Aluminum. G. W. Stickley gives 
the following figures for annealing of hard 
drawn aluminum. “In tests of wire 
heated one hour at 100 degrees centigrade 
the strength was decreased only two per 

Paper 43-105, recommended by the AIEE com¬ 
mittee on power transmission and distribution for 
presentation at the AIEE national technical meet¬ 
ing', Cleveland, Ohio, June 21-25, 1943. Manu¬ 
script submitted May 5, 1943; made available for 
printing May 25, 1943. 
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used. It cannot be too strongly urged 
that a special attempt should be made to 
keep the arresters and their grounding 
connections in the best possible condition 

Summary 

The features in the preceding para- 
graphs have been presented and discussed 
with the thought in mind that the infor¬ 
mation may be helpful to those who have 
the lightning or overvoltage protection 
problem to deal with. It is not intended 
that all of these suggestions be applied 
without careful study and thought; in 
fact, unless such a detailed study is made 
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of systems now in use or proposed, the 
full benefits of the applications suggested 
will most likely not be obtained. It is 
hoped that this paper will stimulate con¬ 
structive thought on the part of those 
who have the responsibility of designing 
and operating protective systems already 
installed or to be installed in the future. 

It should be kept in mind that in ap¬ 
plying some of these suggestions, the fail¬ 
ure rate on the protective devices them¬ 
selves may increase, but it is believed 
that if the conditions of each situation are 
considered and action taken on an engi¬ 
neering basis, the net over-all effect will be 
of considerable benefit to the war effort. 

Emergency Overloads on Overhead Conductors 


cent, and after beating at this tempera¬ 
ture for as long as four years the decrease 
was only 15 per cent. In similar tests of 
wire heated one hour at 150 degrees centi¬ 
grade the strength was decreased only 
about five per cent. It should be noted 
that although overloads might have a 
small effect in decreasing the strength of 
aluminum conductors, they would have 
still less effect upon the strength of steel 
reinforced aluminum cable. Tests of the 
high-strength steel wire used as the core 
of ACSR have shown that heating at 
temperatures as high as 260 degrees centi¬ 
grade for two months actually increases 
the strength of the wire slightly.” 

§ Howell and Paul 1 state that commer¬ 
cially pure aluminum in the hard drawn 
temper, designated 2 S-II, is not materially 
softened by prolonged exposure to tem¬ 
peratures in the region of 200 degrees 
Fahrenheit. 

Copper. Many data on annealing of 
copper have been published, but the 
values given vary over an extreme range. 

If the conductor is kept at 171 ‘degrees 
centigrade, Anaconda claims ten per cent 
softening in one hour, while General Cable 
Company finds that it requires 6.7 hours 
to produce ten per cent softening at 175 
degrees centigrade. H. R. Stewart states 
results from actual tests as follows: A 
number two copper wire held at 215 de¬ 
grees centigrade and a number 1/0 held at 
160 degrees centigrade for four hours each 
lost about five per cent of its strength. 
Kidder and Woodward 3 find that copper 
may be held at 180 degrees centigrade for 
eight hours on six consecutive days (total 
44 hours) with 16 per cent loss in strength, 
and when heated to 200 degrees centi¬ 
grade for the same length of time it lost 
35 per cent. From this they conclude 
that the danger zone lies about 175 de¬ 
grees centigrade for short duration. 

A very complete investigation is pre¬ 
sented by Myron Zucker. 4 It shows that 
the annealing temperature is affected by 
the amount of cold working and the purity 
of the copper. The harder the copper, 
the lower the annealing temperature. A 
small percentage of silver will raise the 
annealing temperature considerably, while 
oxygen will lower it. He summarized his 
findings in curve form, giving a spread of 
from 40 to 1,200 hours at 100 degrees 
centigrade for copper in the electrolytic 
range. He also states that an X-ray dif¬ 
fraction test cau be used to determine the 
annealing characteristics of copper with¬ 
out destroying the sample. The begin¬ 
ning of recrystallization indicates a loss of 
five per cent of the tensile strength of the 
wire. 

In most cases, annealing tests on copper 
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Figure 1. Temperature rise of 795,000-circular mil steel- 
reinforced aluminum cable, new 



Tests made at 60 cycles indoors in still air on 
unused cable from stock. Cable not weath¬ 
ered but no longer bright 

1 . Cable in Ohio Brass number 77,898 
suspension clamp (without armor rods) 

2 . Cable with armor rods in Ohio Brass 

number 77,613 suspension clamp 

3. Bare conductor, with neither armor rods 

nor suspension clamp 

have been designed to determine the 
length of time required for complete an¬ 
nealing at different temperatures, The 
difficulty in exterpolating these data to a 
time-temperature combination which 
would give a small percentage of anneal¬ 
ing may be responsible for the wide dis¬ 
crepancy in values. 

Before the question of annealing can be 
definitely answered, information on the 
effect of the following items must be 
known: 

Various impurities commonly found in 
commercial metals. 

The cold working required to make the 
metal into wires or cables. 

The stresses to which the conductor nor¬ 
mally is subjected. 

Intermittent heating and possible recovery 
between heating periods. 

Copperweld . The strength of a cop- 

perweld conductor is predominated by the 
steel content, and it is not likely to be 
loaded to a point where its mechanical 
strength is impaired. Rolf Selquist sug¬ 
gested that the current-carrying capacity 
of copperweld be limited to 70 per cent of 
that of a copper conductor of the same 
cross section. 


with a copper temperature of 100 degrees 
centigrade. Myron Zucker 4 stated that 
recent tests on URC covering indicate 
that it can be safely operated for ten 
hours at 100 degrees centigrade. The 
compound used in older types of weather¬ 
proofing gets soft and tacky at tempera¬ 
tures as low as GO degrees centigrade and 
the URC covering begins to soften at 85 
degrees centigrade. It is reasonable to 
assume that such temperatures are going 
to accelerate the deterioration of the cov¬ 
ering. In many cases it may well be that 
this would be of little importance as com¬ 
pared to the additional capacity gained. 

C. Preservation of Clearances 
Operating conductors at elevated tem¬ 
peratures will mean considerable increases 
in sag. Where maintenance of clearance 



Figure 2. Rate of temperature rise of 795,000- 
circular mil steel-reinforced aluminum cable. 


new 

Tests made at 60 cycles at 550 amperes, in¬ 
doors in still air on unused cable from stock. 
Cable not weathered but no longer bright 


B . Protection of Wire Coverings 

Kidder and Woodward 3 state that with 
a copper temperature of 175 degrees centi¬ 
grade the outside surface of the covering 
will be 130 degrees centigrade, which is 
well below the impregnating temperature, 
and 80 degrees centigrade, or just below 
the standard acceptance specification 


1 . Cable in Ohio Brass number 77,898 sus¬ 

pension clamp (without armor rods) 

2 . Cable with armor rods, in Ohio Brass 

number 77,613 suspension clamp 

3 . Bare conductor, with neither armor rods 

nor suspension clamp 

4 . Cable with armor rods, but without sus¬ 

pension clamp 


Figure 3. Temperature rise of badly oxidized 
seven-strand 2/0 copper cable 

Tests made at 60 cycles indoors in still air. 
Conductor badly oxidized from many years 
of service 

1 . Cable in Ohio Brass number 70,757 sus¬ 
pension clamp and number 70,759 keeper 

(horns removed) 

2 . Thermocouple between core strand and 

outside layer 

3 . Thermocouple on surface of cable 

4. Memco number 64 twisted sleeve 

is important, these increases should be 
carefully checked. Even small amounts of 
annealing may result in permanent stretch 
of the conductors after a heavy ice load, 
and it may become necessary to resag the 
line. 

II. Temperatures That the 
Conductor May Attain 

A. Temperature Rise Versus Current 

Several references covering the heating 
of conductors from electric currents are 
available in the engineering literature. 3 ’ 5-9 
The formulas given by Schurig and Frick 
seem to give consistent results. Kidder 
and Woodward 3 give a detailed descrip¬ 
tion of their method of its application. 

B, Weather Conditions 

The temperature rise of the conductor 
must be co-ordinated with the ambient 
temperature, wind conditions, rainfall, 
and so forth. The frequency and dura¬ 
tion of high temperatures in combination 
with low wind velocities may be found 
from local weather records. These data 
may be plotted in various combinations 
to give a picture of the probability of 
high temperature with little or no wind 
coinciding with maximum load. One 
reason for overloading a circuit may be 
the tripping of a parallel circuit during a 
lightning storm, making it desirable to 
make a study of weather conditions im¬ 
mediately following lightning storms. 
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Even if the weather bureau records do 
not show any coincidence of maximum 
temperature with minimum wind, such a 
possibility is by no means excluded. It 
is also possible that some part of the line 
is located so as to be practically shielded 
from wind. Sun absorption may be ex¬ 
aggerated by the presence of a building 
wall or other reflecting surface. All of 
these factors should be weighed and evalu¬ 
ated. 

Other Limitations . Clamps and joints 
may be a further limiting factor. It is 
well known that joints deteriorate with 
time. The modem, drawn, compressed, or 
automatic joint is far superior to the old 
sleeve joint in this respect, but deteriora¬ 
tion in some degree is bound to take place. 

Most suspension and dead end clamps 
in use today form a more or less closed 
magnetic circuit around the conductor, 
and losses at 60 cycles are appreciable. 
This was brought out by W. H. Burleson. 
A test on a 500,000-circular mil copper 
conductor gave a temperature rise of the 
clamp 80 per cent higher than that of the 
conductor proper at a current of 800 
amperes. The results on another test on 
a 795,000-circular mil ACSR, with 550 
amperes, shown in Figure 1, indicate a 
considerable cooling effect of the armor 
rods, and that the temperature of the 
clamp (without armor rods) reached two 
and one-half times that of the conductor. 
Figure 2 shows that while the rise is rapid 
during the first hour, it requires almost 
four hours to reach a stable condition. 
In a weathered conductor, Figure 3, the 
center or core strand may reach a tem¬ 
perature 15 degrees centigrade in excess 
of that of the surface strand. This steep 
gradient, on the order of 5 degrees centi¬ 
grade to 7 degrees centigrade, has also 
been found by Zeerleder and Bourgeois. 2 

Conclusions 

If permanency and safety of the line 
are to be considered, emergency ratings 
must be extremely conservative when 
based on our present knowledge. A 
sample test of the conductor in question 
cannot be considered a reliable answer 
as to the annealing characteristics of the 
conductors along the entire line. The lot 
may have been purchased from a single 
manufacturer, on a single order, and yet 
may have been made from two or more 
different lots of metal. 

This does not necessarily mean that it 
would be unsafe to increase the rating of a 
line over previous standards. In many 
cases a substantial increase is possible, 
even if the various factors are chosen on 
a conservative basis, and the final limita- 


T HE importance of the use of radio in 
aerial navigation is well known. Of 
comparable importance to the operation 
of the aircraft, however, is the use of 
electricity in other forms, as for instance 
for engine ignition, for lighting, for con¬ 
trol, and a variety of purposes. Since 
commutators and other forms of arcing 
contacts used in this equipment may 
cause interference with radio under some 
conditions, careful planning is necessary 
to get the fullest use from both power 
and radio equipment, and not over¬ 
burden the aircraft with attachments 
solely to make the radio work. 

In order to obtain installations which 
are reasonably free from radio inter¬ 
ference of this kind, due consideration 
must be given to all of the component 
parts. For example, attention should be 
given to the shielding of radio equipment 
so that it will not be subject to direct 
pickup of radio noise phenomena. Fur¬ 
thermore, unnecessarily close proximity 
of power and radio circuits to each other, 
which gives close coupling for radio 
noise, should be avoided. In regard to 
the power equipment, disturbances which 
give rise to interference should be avoided 
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tion may be found to lie in considerations 
other than the temperature of the con¬ 
ductor. 

Clamps and joints should be given care¬ 
ful consideration. The maximum anneal¬ 
ing effect is apt to be found where the 
stresses in the conductors are at a maxi¬ 
mum. 

Surface measurement of conductor tem¬ 
peratures may be misleading by ten per 
cent, or more. 
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Figure 1. Elementary case of power circuit 
and radio receiving system 


(a.) Without suppressor 
(b.) With suppressor 


ages are to be suppressed. The other side 
of the power circuit is grounded, and the 
filter case is also grounded. When tested 
in a circuit with aircraft equipment, noise- 
reduction ratios in the order of 200 to 1 
to 5,000 to 1 (4G to 74 decibels) are ob¬ 
tained over the frequency range of 0.20 
to 20 megacycles. Also on a circuit 
standardized for rating performance, 
noise reductions of 1,000 to 1 to 10,000 
to 1 (60 to 80 decibels) are obtained over 
the same frequency range. Weights of 
these filters range between 1.5 and 3.0 
pounds depending on current rating. 
Over all outside dimensions including 
mounting flanges range in length, breadth, 
and height from 4 by 3V 4 by S 1 /* to S 1 /* 
by 4 1 /* by 3 inches, respectively. The 
filters will retain their suppression charac¬ 
teristics, over a temperature range of 
40 degrees centigrade below zero to 90 
degrees centigrade above zero. Vibra¬ 
tion tests in all possible positions of filter 
operation and at frequencies and ampli¬ 
tudes met with in service insure against 
mechanical failures. 

Factors Entering into the Problem 
of Interference Control 

The following discussion is intended to 
bring out by means of a simple example 
a number of points which should be under¬ 
stood in order to select, install, and test 
properly suppression devices, and some of 
the terms commonly used. 

An elementary case of a power circuit 
and a radio receiving system is shown in 
the upper diagram a of Figure 1. The 
supply generator has a commutator which 
produces small but extremely rapid 
changes in the current and voltage. This 
causes a disturbance voltage and current, 
indicated at Ei and It. In this diagram 


only the disturbance component is repre¬ 
sented, the power voltage and current 
being omitted for clearness. The disturb¬ 
ance voltage and current result from a 
complex phenomenon involving very 
rapid changes and can, therefore, be 
treated as radio-frequency voltage and 
current, not of a single frequency but a 
spectrum covering a wide range of fre¬ 
quencies. The presence of this voltage 
and current Ei and I x in the power circuit 
causes induction in the paralleling radio 
circuit, similar to the induction which 
takes place when a radio-frequency volt¬ 
age is applied to the power circuit. The 
induced disturbance voltage which ap¬ 
pears at the antenna and ground terminals 
of the radio set is indicated by e\ and is 
called radio-noise voltage. The distur¬ 
bance voltage on the power circuit which 
produces radio-noise voltage on an an¬ 
tenna, already described and indicated 
at Ei , is the radio-influence voltage 
(RIV). Both of these quantities can be 
measured in microvolts at various fre¬ 
quencies by means of a frequency-selec¬ 
tive instrument called the radio-noise 
meter. 1 

There are several ways in which the 
possibility of interference with radio be¬ 
cause of power equipment can be mini¬ 
mized, some of which are as follows. Re¬ 
ferring to the elementary case of Figure 
la, it is evident that physical separation 
between the power circuit and the radio 
circuit would reduce the radio-noise volt¬ 
age. However, space limitations in an 
aircraft make it impractical to control 
interference by this means alone. It 
is also evident that complete shielding 
of the radio system would eliminate or 
reduce the radio-noise voltage. An ex¬ 
ample of complete shielding would be 
a well-shielded, independently powered 
radio set with the antenna lead-in 
shielded up to the point where it 
emerges from the fuselage of a metal air¬ 
craft. A similar result would be obtained 
if it were practical to shield completely 
the power system by enclosing the gen¬ 
erator, battery, and other apparatus in 
metallic containers and running connect¬ 
ing wires in continuous metal conduit. 
The shielding of power circuits carrying 
100 amperes or more and extending to all 
parts of the aircraft has the disadvantage 
of weight and inconvenience in servicing 
the power system. However, complete 
shielding is commonly applied to some 
types of apparatus and circuits as, for in¬ 
stance, engine ignition. 

Referring again to Figure la, it is seen 
that reducing or suppressing the radio¬ 
influence voltage Ei reduces the radio¬ 
noise voltage e\. This can be accomp¬ 


lished either by reducing the disturbance 
itself or by localizing, that is, confining 
the disturbance in the apparatus which 
produces it. A radio-noise suppressor is a 
device which does this. It is connected to 
a piece of apparatus such as a generator as 
indicated in the lower diagram b of Figure 
1. It does not obstruct the flow of normal 
power but does prevent the flow of the un¬ 
wanted disturbance. In terms of radio¬ 
influence voltage the purpose of the sup¬ 
pressor is to reduce the voltage Ei of Fig¬ 
ure la to a smaller value E 2 shown in Fig¬ 
ure lb. This results in reducing the radio¬ 
noise voltage ei to a smaller value e 2 . The 
ratio Ei/E 2 called attenuation ratio is a 
measure of the effectiveness of the sup¬ 
pressor. It is often expressed in decibels 
(db) according to the relation 

Ei 

db=20 logio rr 

E 2 

This is called attenuation or insertion 
loss. The performance of a representative 
suppression device, in this case a filter, in 
a circuit such as Figures la and lb, is 
shown by Figure 2 wherein the upper 
curve (Ei) shows the RIV without Ahe 
filter and the lower curve (E 2 ) shows the 
RIV with the filter, plotted against fre¬ 
quency. The ratio of these two quanti¬ 
ties, also plotted against frequency, is 
shown on Figure 3. Two vertical scales 
are given, one showing numerical ratio, 
and the other insertion loss in decibels. 

Suppressor Arrangements 

Suppressors have been applied to power 
circuits in many cases for such purposes as 
smoothing out ripples present in a d-c 
voltage or reducing distortion of an a-c 
voltage as well as reducing radio noise. 



Figure 2. Radio-influence characteristics of 
airplane generator circuit 
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Figure 3. Attenu- 
tation characteristics 
of 100-amper filter 
from generator test 
data 


various other devices such as amplidynes, 
dynamotors, and inverters. Some of 
these pieces of apparatus have commu¬ 
tators, vibrating contacts, certain types 
of thermionic elements or other features 
required for their normal * operation but 
which may give rise to radio-influence 
voltage. Tests have been made on ap¬ 
paratus representative of these various 
types, and it has been demonstrated that 
the selection of the proper suppression 
equipment depends upon the following: 


10 

o-J 


1.0 


FREQUENCY — MEGACYCLES 


While many different suppressor ar¬ 
rangements might be used, experience in¬ 
dicates that certain simple structures can 
be used to best advantage. Figure 4 
shows a simple arrangement for smooth¬ 
ing out the ripple present in the voltage 
of a certain d-c machine. It consists of a 
shunt capacitor across the terminals. 
The capacitor does not pass direct current 
and hence does not interfere with the 
normal operation of the machine. In the 
diagram E 0 represents the ripple voltage, 
Z 0 represents the impedance of the ma¬ 
chine for this ripple, and Z c represents the 
corresponding impedance of the capaci¬ 
tor. It will be seen that Z 0 and Z e act as 
a potential divider for the ripple voltage 
E 0 . For example, if Z c is one tenth of Z ot 
only one tenth of E 0 appears on the out¬ 
going circuit. In other words, Ais ar¬ 
rangement gives 10 to 1 reduction (20 
decibels). 

Sometimes it is advantageous to add 
impedance to the machine as at Z in Fig¬ 
ure 5 , especially if the machine itself has 
very little impedance. This arrangement 
is called an L Alter. In many cases the 
shunt capacitor of Figure 4 or Figure 5 
is replaced by a series tuned circuit called 
a resonant shunt. It reduces the har¬ 
monic in the same manner as the capacitor 
but is selective for a particular frequency. 
When several harmonics are involved, a 
separate resonant shunt is provided for 
each frequency. For a-c machines this 
scheme has the advantage of frequency 
discrimination between the fundamental 
and the harmonics. 

A further arrangement which has been 
particularly helpful in the held of radio- 
noise suppression is the tt filter shown in 
Figure 6. It acts as a two-step potential 
suppressor. Z 0 and Z cl constitute the 
first step which is similar to Figure 4. 
Z i2 and Z c3 constitute the second step. 
This affords further reduction. For ex¬ 
ample, if each step gives 10 to 1 reduc¬ 
tion or 20 decibels, the over-all reduction 


will be 100 to 1 or 40 decibels. A prac¬ 
tical aircraft Alter of this type is shown 
in Figure 7 . 

The L filter and the 7r filter are similar 
in structure to certain simple filters 
known as low-pass filters employed in 
communication practice. 

Use of Suppressors in Aircraft 

The selection of a radio-noise suppres¬ 
sor to fit a given situation and the proper 
way to install it so that it will function 
properly involves a number of considera¬ 
tions which are discussed in the sections 
which follow. These considerations are 
brought out with reference to a type of 
aircraft power-supply system that has 
been studied extensively, but the con¬ 
clusions are not necessarily restricted to 
this type of system. A common situation 
is that of a power supply consisting of one 
or more generators driven from aircraft 
engines and operated at about 28 volts 
d-c, a two-wire circuit, one side of which 
(usually the negative side) is solidly 
grounded to the body of the aircraft, 
stand-by storage batteries, motors, and 



Figure 4. Capacitor as suppressor 
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Figure 5. L filter as suppressor 



Figure 6. t filt r as suppressor 


1. The required attenuation of the radio¬ 
influence voltage. 

2. The frequency range to be covered. 

8. The impedance characteristics of the 
apparatus and circuit. 

4. The power currents which the suppres¬ 
sor device must be able to carry. 

Complete quantitative data on the first 
three items are not usually at hand, and 
most situations have to be treated on tfie 
basis of representative tests and experi¬ 
ence with the use of suppression devices. 
With the aid of such knowledge, the kind 
of suppression equipment to employ can 
be decided upon. In some cases a capaci¬ 
tor as in Figure 4 can be used to best 
advantage. In other cases a filter ar¬ 
rangement such as Figure 5 or Figure 0 
gives the best results. The general field of 
application for capacitors and for filters 
will now be considered. 

Capacitors as Suppressors 

There are many cases of devices having 
small current ratings such as five amperes 
or less on which capacitors may be used 
effectively, for example when the re¬ 
quired attenuation ratio is between 10 
to 1 and 100 to 1, and the frequency range 
is not large, such as the range of standard 
broadcast frequencies. A capacitor has 
the property of very low impedance at 
high frequency. In the case of an ideal 
capacitor the higher the frequency,, the 
lower the impedance becomes. It must 
be remembered, however, that every re¬ 
sistor, inductor, and capacitor possesses 
to some degree all three of the proper¬ 
ties—resistance, inductance, and capaci¬ 
tance. In the case of the capacitor some 
means of connection to the apparatus 
circuit is necessary, and these connections 
may have appreciable length and, there¬ 
fore, appreciable inductance. To deter¬ 
mine the effect of these properties a capa¬ 
citor was tested in a circuit similar to Fig¬ 
ure 4 with resistances used to represent 
the circuit impedances Z 0 and Z L . Volt¬ 
age was measured with capacitor off and 
capacitor on. The ratio of voltage E\ 
with suppressor off as in Figure 1 a to 
£2 with suppressors on as in Figure lb, 
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which is the attenuation ratio is shown 
in Figure 8 plotted against frequency. 

The straight line, dotted at the upper 
end, represents the calculated attenua¬ 
tion for a pure capacitance. The solid 
curve shows the actual attenuation. It 
will be noted that the attenuation over 
the lower part of the frequency range 
coincides with the pure capacitor, but the 
attenuation at the upper end is quite dif¬ 
ferent and is characterized by a peak at 
point A. At this point actual perform¬ 
ance exceeds the calculated performance 
based on pure capacitance mainly caused 
by capacitor resonance, but there is a 
rapid falling off of attenuation ratio at 
frequencies above this peak, instead of 
an increasing attenuation ratio as there 
would be with an ideal capacitor. The 
frequency at which the peak occurs in 
the case of the capacitor tested, which 
was of a special design for high frequency, 
was between live and ten megacycles. 
The characteristic of another capacitor 
of the same microfarad value but not 
specially designed for high frequency is 
shown by the broken line for comparison. 
The shape of the latter curve indicates 
that the capacitor has somewhat more 
inductance and more resistance at high 
frequencies, which limit its effective 
range to about two megacycles. 

Referring to the “high-frequency” 
capacitor, the maximum effectiveness, 
and the frequency at which it occurs, at 
A, depend upon all three of the quanti¬ 
ties-—resistance, capacitance, and in¬ 
ductance. In this frequency region in¬ 
creasing the capacitance does not neces¬ 
sarily increase the effectiveness and may 
result in reduced effectiveness depending 
on the other factors. Sometimes ad¬ 
vantage is taken of the “peak” effective¬ 
ness by choosing suitable values of capaci¬ 
tance and length of leads to control the 
inductance so that the peak occurs at a 
desired frequency. The usefulness of this 
scheme is somewhat limited, and it is 
generally preferable to make the capacitor 
leads as short as possible. 

The curve of Figure 8 indicates in a 
general way the field of application for 
capacitors as suppressors. At the lower 
end of the curve which in this example 
corresponds to about 0.2 megacycle, the 
capacitor has less effectiveness than at the 
higher frequencies. While the effective¬ 
ness at this frequency can be improved 
by making the capacitance value (micro¬ 
farads) larger, this usually results in con¬ 
siderable size and weight. A further in¬ 
crease in attenuation can be obtained by 
means of a filter such as Figures 6 and 7 
with less bulk and weight. At the upper 
end of the frequency range, that is, above 


Figure 7. Radio¬ 
noise filter showing 
compact arrange¬ 
ment required 




five or ten megacycles, the effectiveness 
of the capacitor is limited by the induct¬ 
ance of leads and other factors besides 
capacitance. In and above this frequency 
range it is usually necessary to use a filter 
giving ail attenuation curve such as Fig¬ 
ure 3. In the frequency range from about 
one to five megacycles there are many 
cases where the capacitor as a suppressor 
is the best solution. The most important 
considerations in the use of capacitors as 
suppressors are the characteristics of these 
capacitors in the desired radio-frequency 
band and the proper arrangement of 
leads and connections. 

Wliether capacitors are used instead of 
filters depends on 

(a). The economies. 

(Z>). The allowable weight and size. 

(c). The required performance. 

Filters As Suppressors 

When apparatus rated one kw or more 
has to be suppressed over a wide range 
of frequencies such as 0.2 to 20 mega¬ 
cycles and suppression of 40 decibels or 
more is required, a capacitor is not gener¬ 
ally sufficient for reasons already shown, 
and some form of filter is necessary. 
While in some instances filters have been 
specially designed and assembled as part 
of a piece of equipment, the general 
situation calls for the availability of fil¬ 
ters as separate items to be selected and 
applied as the need arises. Manufac¬ 
turers have made available certain sizes 
of filters intended to cover a large major¬ 
ity of these requirements. To meet as 
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FREQUENCY — MEGACYCLES (LOG SCALE. 

Figure 8. Radio-influence voltage suppres¬ 
sion characteristics of capacitors 


nearly as possible the general require¬ 
ments outlined, these filters are designed 
to give attenuation characteristics based 
on measurements on a variety of appara¬ 
tus and experience of aircraft operators 
over the frequency range of radio equip¬ 
ment used in aircraft. Impedance char¬ 
acteristics of aircraft equipment and 
circuits have been taken into account 
in a general way by the use of a labora¬ 
tory test setup to be described later. 

To illustrate the application of these 
filters the case of a 2.5-kw 28-volt d-c 
generator will be considered. The full¬ 
load current of this machine is 90 amperes 
approximately. The filter rated 100 am¬ 
peres would, therefore, be selected and 
installed as illustrated in Figure lb. 
Filter performance is illustrated by Fig¬ 
ure 2 already referred to in this paper, 
when the filter is properly installed. 

In order to obtain the full degree of 
effectiveness which the filter is capable of 
giving, careful attention to certain in¬ 
stallation details is necessary. While a 
generator is referred to as an example 
the discussion is intended to apply to a 
variety of apparatus. The filter should 
preferably be close to the generator. The 
intervening circuit must be shielded, the 
enclosure generally consisting of a con¬ 
duit which forms a continuous shield with 
the generator and filter cases. The filter 
base must be well grounded, for instance 
mounted directly on the grounded metal 
structure. The grounded side of the cir¬ 
cuit should be well grounded at a point 
immediately adjacent to the filter. 

The importance of this and other fac¬ 
tors to the proper functioning of such a 
filter can be seen by reference to Figure 
9. Here three important factors are 
emphasized, all of which are usually pres¬ 
ent to a greater or less degree simul¬ 
taneously. In these diagrams the filter 
is intended to isolate the radio-influence 
voltage appearing at the left from the cir¬ 
cuit at the right but is not fully effective 
because of faulty coupling. 

Capacitive coupling shown at a in 
Figure 9 is one of the conditions that may 
interfere with predicted good perform¬ 
ance. It results from the presence of ex- 
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(c) 

Figure 9. Types of faulty coupling in filters 


traneous capacitance between input and 
output circuits as indicated by C. To 
high frequencies this provides a by-pass 
and allows extraneous voltages to appear 
in all or certain parts of the quiet circuit 
in spite of the presence of the filter. 

Inductive coupling shown at b in Fig¬ 
ure 9 is another condition to be avoided. 
If the impedance to radio-frequency cur¬ 
rents flowing at the left is small, as it 
should be for a well-designed filter in¬ 
tended for suppression, radio-frequency 
currents flowing through this circuit may 



Figure 10. Insertion-1 ss tester for radio-n is 
filters 


set up electromagnetic flux which if al¬ 
lowed to cut the conductors of a quiet 
circuit will introduce therein a radio- 
frequency disturbance as illustrated. In 
many cases magnetic shielding can be 
used to reduce this coupling. Electro¬ 
magnetic flux at commercial frequencies 
must be shielded with heavy sections of 
magnetic material. At radio frequencies 
flux penetration can be prevented to a 
great extent with thin conducting sur¬ 
faces. Inductive coupling occurs only 
when there are loops existing in input and 
output circuits. 

Conductive coupling is a condition such 
as shown at c in Figure 9. Radio fre¬ 
quency currents in the circuit at the left 
flow through a common ground lead hav¬ 
ing an impedance Z. As a result volt¬ 
age E r appears across this impedance and 
is directly introduced in the circuit which 
is intended to be quiet. This type of in¬ 
duction may occur unless particular care 
is taken to secure a good ground connec¬ 
tion. The case of the filter should be 
solidly connected to the electrical ground 
plane. The impedance of only a few 
inches of ground wire is extremely detri¬ 
mental to filtering action. 

To obtain a quiet circuit all sources of 
noise must be given attention. One filter 
can sometimes be arranged to suppress 
more than one source, For instance, if 
the generator in the aforementioned ex¬ 
ample has a voltage regulator which 
causes radio noise and all connections to 
this regulator are made between the gen¬ 
erator and the filter, the filter suppresses 
noise from both sources. All other con¬ 
necting wires such as field leads must also 
be connected on the generator side of the 
filter. 

In general the important things to be 
given attention in the installation of a 
filter are location, shielding of the un¬ 
filtered parts of the circuit, and ground 
connections. 

Measurements 

Tests are needed to check the perform¬ 
ance of filters under actual operating 



Figure 11. Insertion-loss tester for radio-noise 
filters 

Rear view showing amplifier, oscillator, and 
power supply 

conditions and to obtain data on which 
further designs and improvements can be 
based. The effectiveness of filters is de¬ 
termined by making two measurements of 
radio-influence voltage preferably on an 
actual installation in an aircraft. These 
measurements are made 

(a) . Without filter in the circuit. 

(b) . With filter in the circuit. 

Measurements on the input and output 
sides of the filter do not indicate the ef¬ 
fectiveness of the filter because the filter 
itself changes the circuit constants. The 
necessary equipment for these tests con¬ 
sists of a radio-noise meter 1 and a reliable 
signal generator for calibration. 

To get measurements within the ac¬ 
curacy 2 of the noise meter certain prccau- 
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Figure 12, Labora¬ 
tory circuit for rating 
filter performance 
and corresponding 
apparatus circuit 

(a) . Laboratory cir¬ 

cuit, filter in 

(b) . Laboratory cir¬ 
cuit, filter out 

(c) . Apparatus cir¬ 

cuit, filter in 
(c/). Apparatus cir¬ 
cuit, filter out 
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tions are necessary, particularly in tests 
made on an aircraft in flight. Among 
these are 


Appendix. Laboratory Circuit 
for Filter-Performance Tests 


the apparatus circuit diagram c and d. In 
the former (filter in) the voltage E 2 is given 
approximately by the relation 


(a) . Maintenance of proper battery volt¬ 
age. 

(b) . Proper alignment and adjustment of 
the noise meter and frequent calibration 
checks against the signal generator. 

( c ) • Placing the noise meter close to the 
test point which in measurement with the 
filter should be right at the filter terminal on 
the ‘'quiet” side. 

(d) . Avoiding test locations where the 
noise level is high. 

(e) . Providing the noise meter with cush¬ 
ions to eliminate mechanical vibration. 

(/). Providing a temperature controlled 
chamber when low temperatures are en¬ 
countered. 

In addition to tests on the actual equip¬ 
ment it has been found useful to make 
tests on filters at radio frequencies in a 
laboratory circuit. This setup approxi¬ 
mates in a general way the impedance 
characteristics of a piece of aircraft equip¬ 
ment and the asssociated circuit. The 
filter performance curves so obtained are 
not interpreted as those to be expected 
on apparatus but rather as those obtained 
in a standardized test circuit. However, 
the general experience has been that the 
filters showing the best performance on 
this network also showed the best per¬ 
formance in actual apparatus. This test 
has proved useful in the development of 
filter designs and in checking the product 
of the factory. Figures 10 and 11 show a 
filter tester based on this method used in 
a factory. 

A diagram of the laboratory circuit in 
somewhat common use is shown in Figure 
12 together with the corresponding ap¬ 
paratus circuit. Filter performance in 
this circuit is obtained by measurements 
without the filter in the circuit and with 
the filter in the circuit. The analysis 
given in the appendix shows that the 
laboratory circuit indicates the same per¬ 
formance as an actual apparatus circuit 
with a certain set of impedance values. 

The measurements just described on a 
laboratory circuit or on the actual power 
circuit do not take into account the radio 
equipment and circuits. A complete 
study of filter performance should include 
measurements on the radio equipment, 
but consideration of the measurement 
equipment and technique for this purpose 
is beyond the scope of this paper. 


The attenuation test commonly made on 
filters in the laboratory with sine wave 
voltages at radio frequencies utilizes a re¬ 
sistance network as shown in diagrams a 
and b of Figure 12. The voltage source or 
signal generator is represented by Ea . The 
circuit impedances Z 0 and Zl of a corre¬ 
sponding apparatus circuit shown by dia¬ 
gram d are represented by the same symbols 
on diagrams a and b. In the laboratory 
test these impedances consist of 20-ohm 
resistors. In addition a 300-ohm resistor 
Za is connected in series with the signal 
generator to adapt the circuit to the internal 
impedance characteristics of available signal 
generators. This 300-ohm resistor does not 
affect the test result because it cancels out 
in the “filter out” to “filter in” ratio as 
shown by the formulas in this appendix. 
In the diagram a , Z u Z 2 , and Z 3 represent 
a 7r-filter (see Figure 6). 

The test may be made in two ways. 
The first method is to hold the signal gen¬ 
erator voltage constant and obtain two 
values of output voltage Eb, Ebi with filter 
out as shown in b of Figure 12 and Eb 2 
with filter in as shown in a. The ratio 
( Ebi)/(Eb 2 ) is equal to the filter attenua¬ 
tion ratio, as will be demonstrated. The 
second method will be described later. 

The following approximations which hold 
for practically all test setups have been 
made for the purpose of simplifying the 
analysis: 


The paralleling effect of Zl on Za is neglected. 

The paralleling effect of Z 0 (to the left) and of other 
impedances (Z 2 and so forth to the right) on Z\ is 
neglected. 

The impedance looking into Z 2 from the left, dia¬ 
grams a and c, is assumed to be the same as Z 2 
itself, which neglects the added effect of Z 3 and Zl. 

The impedance looking into the circuit from the 
signal generator in a and b is assumed to be equal 
to Za which neglects the added effect of Z 0 , Zi, Zl, 
and so forth. The largest error occurs in b where 
the actual value is 310 ohms and the approximate 
value is 300 ohms, the value of Za- 

The impedance looking into the circuit from the 
source in diagram c is assumed to be equal to Z 0 
which neglects the added effect of Z\ and other 
elements to the right. 

In diagram a the value of Eb is approxi¬ 
mately 

Zl Zq 

e B2 =e a -ix- 3 (1) 

Za Z 2 


When the filter is removed, as in b, and the 
signal generator voltage kept the same 
0 Ec — Ea) Eb becomes approximately 


Z ' 

Em = Ea — 
Za 


( 2 ) 


where Z' represents Z 0 and Zl in parallel. 
Combining these equations we have 


Ebi. Z'Z 2 
Eb2 Z1Z3 


(3) 


It will be shown that this equation gives 
the same ratio as the voltage ratio Ei/E 2 in 


E 2 = E c 


z„z 2 


(4) 


In diagram d (filter out) the voltage Ft is 
given by the relation 


Ei=E 0 


Z L 


(S) 


Combining equations 4 and 5 we obtain 


Fi Z 0 Zl Z 2 

E 2 ~ Z 0 +ZjrzJ* 


( 6 ) 


Since the term ('Z 0 Zl)/(Z ( ,+Zl) gives the 
value of Z 0 and Zl taken in parallel which is 
designated by Z' in equation 3, the right- 
hand members of equations 3 and 6 are the 
same, and therefore 


Ebi Ei 
Eb2 E 


Equation 7 shows that within the approxi¬ 
mations stated the laboratory test shows 
the effectiveness which the filter being tested 
would have in an apparatus circuit having 
the same value of Z 0 and Zl. 

It is generally more convenient to use 
the second method which is to reduce 
the signal generator voltage in diagram b, 
filter removed, to give the same value of 
output voltage Eb as in a, filter in. The 
effectiveness is then given by Ea/Ec which 
is the same ratio as (Ebi)/(Eb 2 ). This is 
demonstrated as follows: 

Z1Z3 

Equation 1 becomes Es = Ea^t (la) 

ZaZ 2 

Z r 

Equation 2 becomes Eb — Ec —- (2a) 

Za 

Combining these equations we obtain 

,3a) 

Ec ZiZ 3 

Referring to equations 3 and 7, it is evident 
that 


Ea Ei 
Ec E 2 


( 8 ) 


This relation enables the filter effectiveness 
to be determined from the signal generator 
voltage calibration in which case the volt¬ 
meter on the output (Eb) is used merely as 
an indicator. 
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